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Scandinavian countries in particular have low winter temperatures and rural areas with 
low building densities. It is quite common in these situations to build small and medium 
size district heating networks to provide buildings with heat. These networks incorporate 
typically one boiler house that takes care of the heat generation. This boiler house is 
equipped with one or more suitable boilers that may be oil or gas fired or they may 
consume some solid fuel which is often wood based, mainly wood chips or pellets. This 
kind of district heating (DH) system is owned by the municipality, energy service 
company/co-operative or both, In many cases the municipality owns the network but the 
heat supplier owns the boiler house and other equipment that relate to the heat 
production.
The purpose of this study was to develop three models that allow more accurate 
dimensioning of wood chip boilers.
- The first model developed was a steady state one. It relied on average 
temperature data and the supposition that the need for heat in buildings is almost 
linearly dependent on the outside temperature.
- The second model was divided in to two sub-models; a dynamic model for an 
annual heat consumption calculation in a single building and a dynamic model 
that enables the connection of the consumptions of several buildings of a district 
heating system to be studied on an annual basis.
- The third model was a short term simulation model that makes it possible to 
study interactions in the district heating system including the boiler plant, the 
distribution network and the consumer sub-stations.
According to the study, the steady state model gives satisfactory results, notably if the 
domestic hot water consumption is estimated to be somewhat more than it evidently is. 
The steady state model gave smaller percentages of annual heat production for the wood 
chip boiler if its capacity was less than approximately half of the peak, compared with
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the dynamic model. As the capacity of the wood chip boiler was more than 
approximately half of the peak, the steady state model gave bigger percentages for the 
wood chip boiler than the dynamic model. The turning point seemed to relate to the 
minimum sustainable output of the wood chip boiler so that as the minimum output came 
down the turning point went up.
The study gives some general outlines about the dynamics of the system. One of the 
most useful is the understanding that a peak in the network immediately causes a certain 
load in the boiler plant, and another load takes place when the cooled water returns from 
the consumer to the boiler plant. If the consumer is located close to the boiler plant and 
the peak lasts for a while, these two loads may overlap. By proper sizing of crucial 
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In Northern Europe, particularly in Scandinavian countries where winter temperature 
tends to fall rather low and rural areas with low building densities exist, it is quite 
common to build small and medium size district heating networks to provide buildings 
with heat. Those networks incorporate typically one boiler house that takes care of the 
heat generation. This boiler house is equipped with one or more suitable boilers that may 
be oil or gas fired or they may consume some solid fuel which is often wood based, 
mainly wood chips or pellets. These kinds of district heating (DH) systems are owned by 
the municipality, energy service company/co-operative or both, hi many cases the 
municipality owns the network but the heat supplier owns the boiler house and other 
equipment that relate to the heat production.
Wood fuels have been in use throughout the history of mankind. Since man learned to 
utilise fire for heating, illumination and cooking, the main fuel has been wood if it has 
been available. Using branches and logs as fuel continued till the industrial revolution 
when coal, natural gas and oil gradually replaced wood as a main source of energy. 
Wood based fuels are, however, rising again because it can be seen that fossil fuel 
reserves do not last forever and burning fossil fuels releases huge amounts of carbon 
oxides into the atmosphere where they probably cause a temperature rise and climate 
change. There is a mutual understanding that carbon dioxide among other gases causes 
what is called the green house effect: High frequency solar radiation passes it easily in its 
way to the globe. The reflecting radiation with a longer wavelength does not pass the 
gases in the atmosphere that easily but part of them reflect back to the earth causing a 
temperature rise.
When it comes to heat generation, it does not - in the short term - matter very much 
whether one burns coal or wood. Both include carbon that is released to the atmosphere 
in the form of carbon dioxide. The amount of carbon dioxide released is pretty much the 
same per produced heat unit because carbon is the main combustible element both in
wood and coal. The difference can be seen in the longer term: Whereas burning coal 
releases carbon that has been away from the atmosphere for millions of years, burning 
wood releases carbon that has been extracted from the atmosphere during past decades. 
And the same amount of carbon will be extracted again provided that new trees are 
allowed to grow and felling does not exceed annual growth. That is why wood fuels can 
be called renewable fuels. Using them does not actually increase the carbon dioxide 
content in the atmosphere.
Logs are suitable for open fires and manually fed boilers and are still widely used in 
places where there is no need to use the fireplace or boiler when nobody is present. 
District heating boilers are, however, supposed to be capable of working on their own; 
therefore a certain level of automation is required. Feeding logs in a combustion chamber 
is difficult to arrange automatically. As the particle size becomes smaller and more 
homogenous it is easier to build up an automatically operating fuel feeding system for a 
boiler. The smallest boilers tend to use wood pellets as fuel. Medium size and larger 
boilers are typically run on wood chips.
Pellets are made of wood powder or dust by pressing the raw material in a special 
machine to a high pressure for a short period of time. That makes the lignin work as a 
glue and the result is a very homogenous fuel both in size and in heat value. Pellets have 
a cylindrical shape with a diameter of less than 10 mm and length around 20 mm. The 
bulk density is approximately 600 kg/m3 and the lower heat value around 4.7 kWh/kg. 
Moisture content is extremely low; typically less than 10 per cent (weight basis).
Wood chips can be made of whole trees including branches and needles, logging 
residues or round wood. Also slab wood and other (sawmill) industrial by-products can 
be used. Chips are produced in a chipper that may be driven by a tractor or a lorry or 
may be a stand alone unit. The size and shape of wood chips is not as uniform as is the 
case with pellets: Wood chips have approximately the size and shape of a medium size or 
large coin. The hydraulic diameter is around 20 - 40 mm and the thickness is something
like 5 mm. The bulk density is approximately 200 kg/m3 and the lower heat value, 
depending on the moisture content, is between 1.7 and 4.1 kWh/kg. Moisture content 
varies between 20 and 60 per cent (weight basis). It is difficult to make the chips drier 
than 20 % without artificial drying. On the other hand, chips containing more than 60 % 
water are practically impossible to burn in any incinerator without an additional energy 
feed. In general, smaller units require more uniform and dryer fuel than the larger ones 
which are capable of handling bigger particles and more variations in the moisture 
content.
Heat entrepreneurship is widely adopted at least in Finland and Austria. The idea is that 
local people create a co-operation or a company to take care of heat production. In most 
cases these people own some woodlands and are capable of providing the boiler plant 
with wood fuel. Very often they use small diameter wood from thinning, logging 
residues from clear felling and other material that is difficult to sell to the saw or paper 
industry. They also operate the plant. At least some of them become familiar with the 
boiler plant and take care of boilers and other equipment. They bring wood chips to the 
storage, monitor the plant regularly, carry out the de-ash operations and even sweep soot 
from boilers when necessary. In case of malfunction they get alarms to their cell phones, 
so they do not have to stay in boiler houses if everything seems to be working fine. Some 
heat entrepreneurs own the boiler plants they run, some operate units that are owned by 
someone else. Heat entrepreneurs are paid by the heat they generate and supply in the 
heating network, so it is their own problem if they use low quality fuel which causes 
alarms and restless nights. In many cases the entrepreneur is liable for supplying heat 
whatever the situation. If they have trouble with the wood chip boiler, they have to 
produce the heat with a back up boiler which typically uses light oil as fuel. As light fuel 
oil is a lot more expensive than wood chips, it makes financial sense to the entrepreneur 
to try to produce heat from wood chips as much as possible and limit the usage of oil to 
the minimum.
Wood chip heating systems have become much more reliable than they were some thirty 
years ago. They are, though, many times more complicated than similar oil or gas fired
heating systems. This is mainly due to the nature or the fuel; however uniform wood 
chips are they are still solid fuel and cannot be fed through pipes and controlled by 
valves. The fuel storage and the whole feeding system are large, rather expensive and 
include many parts that can get jammed or broken. It is always possible that foreign 
particles e.g. stones or icy clumps are delivered to the fuel storage with wood chips. 
They may cause a lot of harm in the fuel feeding system. The boiler is also rather 
complex compared to an oil or gas fired boiler. Solid fuels take much more time to 
incinerate than liquid or gaseous fuels. That makes the boiler bigger and thus more 
expensive.
There are basically two reasons for installing back up boilers. One is that due to the 
complexity of the system it is probable that sooner or later some problems occur with the 
wood chip system. It is also possible that broken parts cannot be mended or replaced just 
like that, which can lead to a rather long system down time, and it is something that 
cannot be tolerated. The other reason for installing back up boilers is that as wood chip 
boilers are rather expensive, they are usually sized not for the peak load but somewhat 
lower. The peak is then covered with oil or gas. The back up boiler may also be used 
during low load periods, typically in summer.
The district heating system incorporates the boiler house, piping network and the heat 
consumers i.e. buildings that draw heat from the system. Heat is generated at the boiler 
house, delivered to the consumers in the form of hot water through the supply pipeline 
which is insulated and situated below the ground. In the building there is a sub-station 
which separates the district heating system water from the building's heating system. The 
sub-station includes typically two or three heat exchangers: One for the heating system 
(radiators or floor slab), the other for domestic hot water preparation and possibly a third 
one for pre-heating the ventilation supply air if such a system exists in the building, hi 
the heat exchangers, heat transfers from the supply water to the secondary side which 
leads to a certain temperature drop in the primary side. The cooled water then travels 
back to the boiler house through the return pipeline which is situated beside the supply 
pipe. Pumps in the boiler house keep the circulation on. The primary supply and return
temperatures plus the flow rate are measured at the sub-station. The amount of 
transferred heat can then be calculated. It is in the heat supplier's interest that the 
temperature drop in the primary flow is as big as possible at the sub-station, because a 
high temperature drop means low flow rates which, in turn, mean low pumping costs.
1.2 Objective and method
The objective of this study was to compare two sizing methods for a wood chip boiler 
plant. The first one, some variations of which have been in use for a long time, was 
based on average prevailing temperature data and the other one takes into account most 
of the variables that have an impact on the demand for heat in buildings. Finding out the 
reliability of the sizing method for wood chip boilers and district heating systems that is 
based on average prevailing temperature data was the essential objective. The method of 
the study was to introduce the sizing methods and then carry out a case study with them. 
Three calculation applications in Microsoft Excel have been developed as part of the 
study and they are introduced.
What makes both this study and one of above applications special is that the operation of 
the boiler plant including all the main components, district heating network and heat 
consumer sub-stations are connected. In most studies and computer applications, it is 
possible to observe only one or two aforementioned factors. As a matter of fact, no 
equivalent studies nor computer applications have been found. Of course, such studies or 
applications can exist, though.
1.3 Review of the thesis
The structure of the work is as follows: The first Chapter brings out some fundamentals 
that relate to using wood as fuel and small district heating systems. A literature review, 
covering some studies and computer applications that relate to the subject matter of this 
study, follows in the second Chapter. Then, in Chapter 3, the development of a steady 
state model to determine the size of a wood chip boiler is introduced. A case study, in 
which the above model is used, follows directly. Chapter 4 presents the development of 
three dynamic models: The first one is for calculating the annual division of the need for 
heat in a single building. The second one connects the above annual data of several
buildings and adds the district heating network so that the result is knowledge of the 
demand for heat of the whole district heating system through the year. The third model is 
for simulating short-term fluctuations in a district heating system which is comprised of 
the boiler plant, the distribution network and the heat consumer equipment. Chapter 5 
introduces an application of the two first aforementioned models. The same case that was 
studied with the steady state model will be studied again with the dynamic models. In 
Chapter 6, some short-term calculations with the third dynamic model are carried out. 
They relate to the same case study as calculations in the previous chapter. Discussion of 
results achieved with the application follows in Chapter 7. Finally, conclusions and 
further research needs are given in Chapter 8.
2. Literature review
2.1 Introduction
Literature on district heating (DH) systems focuses on rather large installations. The 
studies incorporate statistical mathematics for predicting the behaviour of the consumers, 
so that the heat production unit would be able to anticipate the changes in the need for 
heat even before the changes take place. Another area of interest is the heat loss from the 
pipe work. Several studies have been carried out concerning the impact of insulation 
thickness, pipe installation methods or DH water temperature on the heat loss. Of course, 
several studies have also been carried out on heat production units. The emphasis, 
though, is in the generation of heat, not in the interaction between the heat production 
unit and the consumers. The available software is mainly suitable for modelling or 
simulating the behaviour of the heat consumer. These programs take into account many 
sophisticated things such as the thermal mass of the building or available heat gains. 
Some programs focus on the DH network.
2.2 Research on district heating systems
Regarding small and medium size district heating systems Dahm [1] investigates the 
interaction between the DH network and the consumers. Both the network and the 
buildings were modelled, buildings especially in detail. The tool is TRNSYS and the 
simulation period is one year. Measurements from two small DH systems were carried 
out to compare and validate the results. The task of the study was to describe the thermal 
performance of small district heating systems as a whole. To achieve this, the DH system 
was divided into three parts: The load, the house sub-stations and the heat distribution 
system. Hourly weather data, recorded by Swedish meteorologists, were used. The heat 
capacity of the buildings was taken into consideration. To achieve that, among other 
things, a typical reference building was introduced. As for the sub-stations, those 
equipped with heat storages were modelled in a different way from those including just 
heat exchangers and control valves. As domestic hot water (DHW) consumption takes 
place in rather short periods, the simulation time step for it was only 2 minutes whereas 
for heating and ventilation it was 15 minutes.
Different variations of district heat distribution systems were modelled: Two pipes and 
four pipes modules (where DHW and heating water flow in separate pipes) and different 
supply and return design temperatures. The idea was to find the most cost effective 
design temperatures and pipe module concepts.
When it conies to the simulation program, the utilised weather data included the outside 
temperature and solar radiation. User habits included domestic hot water usage and room 
temperature. Thermal capacitance effects included both the heat capacity of the building 
and the distribution pipes. Transport effects included heat transport effects, particularly 
the speed of the heat carrier in the distribution pipeline.
The reference building was defined to fit average requirements of new Swedish houses. 
It made it possible to compare different system alternatives of a small district heating 
network regarding heat distribution, house sub-stations and house heating systems. 
Infiltration, ventilation, window types and shading, internal heat gains (including 
occupants, lights and other electric power consumption) and radiator heating models 
were included in the model. On the other hand, heat generation was excluded from the 
model.
The selected tool, TRNSYS, made it possible to model buildings, heat exchangers, heat 
stores, control valves, pumps and space heating systems rather effortlessly. The emphasis 
of the study was not on the modelling of the above components but on the validation and 
the results achieved. The consumption of domestic hot water causes difficulties in this 
model, because even though the typical times when DHW is consumed are known, it is 
not known exactly in which building the consumption takes place, as it is probable that 
not every consumer uses hot water simultaneously. This makes some inaccuracy in 
modelling the distribution network. As heat generation was left out from the model, it is 
presumably suitable for systems where there is plenty of hot water available, for example 
some sub-systems of larger district heating networks.
Aronsson [2] carried out a study on energy consumption of a large amount of buildings. 
The measuring project took place in the city of Gothenburg, Sweden and it lasted for 18 
months. Flow rates and temperatures, for example, were measured. Interesting data on 
domestic hot water consumption in residential buildings were gained. In the study, it 
turned out that it is rather difficult and laborious to find out the correct initial data: For 
example, building floor areas can be gained from the local building authorities but they 
are quite often contradictory to data achieved from other sources. What is more, the 
actual heated area is normally somewhat bigger than what is said in the records. This is 
due to the fact that some parts of the building cannot be included in the living area even 
though they need to be kept warm. Renovations tend also to increase the heated area, but 
the documents are not always revised. The study did not include any modelling but it 
contains valuable data on the variation of the heat consumption in buildings.
Larsen et al. [3] studied how the dynamic properties of a DH network change if the 
network is simplified drastically. The simplification was needed to reduce simulation 
time, as it was known that simulating a complete network is very complex due to the 
large amount of variables. The method includes the calculation of the flow and 
temperature distribution in the network and taking into account the pressure drop and 
heat losses. The first step is to calculate the primary flow at each consumer sub-station. 
This was done by using the logarithmic mean temperature; the heat exchangers were not 
modelled, though. The calculation procedure incorporates basically three steps: 
Calculating the flow and return temperature at each sub-station, calculating the flow in 
the network which is based on the flow at sub-stations and, finally, calculating the 
temperatures at different points of the network which are based on the flow rates, initial 
temperatures and heat losses. Then the same procedure starts again. Not only the heat 
capacity of the water flowing in the network was included but also the heat capacity of 
the steel pipe is taken into consideration when calculating the flow temperatures. The 
heat loss from a pipe is calculated considering the flow temperature to be constant 
through its travel from the inlet to the outlet. It was thought that as the temperature drop 
is small in an insulated pipe, the deviation caused from this simplification is negligible.
The method was validated by applying it on a real case study, in which a network with 
over a thousand pipes was reduced to less than ten pipes. The results showed that such 
relatively simple networks are able to maintain most of the dynamic characteristics of the 
original networks. Reduction is done by bunching up customers which are geometrically 
close to one another. The drawback of the model is - as neither the heat consumers nor 
heat exchangers were modelled that it assumes the return water temperature from all the 
heat exchangers to be equal.
Benoysson et al. [4] have an economical approach to the operation of the boiler plant. In 
a DH network the time lags are big which affects in many ways the optimisation of the 
system. The idea was to trace the temperatures and temperature related physical 
properties of water at different points (nodes) in the network so that the operational 
(mainly pumping) costs could be maintained at the minimum. The heat capacity of both 
the water and the steel pipe were included in the model.
The heat loss was calculated between nodes based on the inlet temperature, flow 
velocity, ambient temperature and the total U-value of the insulation and the 
surroundings. The pipe size, flow velocity and the distance between the nodes give the 
time a certain water mass spends in its way between two adjacent nodes.
The model assumes that secondary side temperatures of the heat exchanger at a customer 
sub-station as well as heat load at a given moment are known. The primary side return 
water temperature can thus be calculated rather effortlessly.
The iterative calculation procedure checks at each calculation step whether the base load 
boiler is capable of generating enough heat to meet the needs of the consumers. If 
necessary, the back-up boiler is taken into operation. The boiler plant itself was not 
modelled in detail, though it is possible to determine it to be a combined heat and power 
(CHP) plant. In this case, optimisation of power production is included. The study did
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not try to predict the heat demand but it assumed that the time dependent demand is 
known and it tried to find solutions for optimising the supply water temperature at 
different situations so that the total costs would be at the minimum.
The model can be useful for the operator of a medium size or large boiler plant. The 
dynamics of the network was modelled properly but as neither the boiler plant nor the 
consumer were included in the same detail, the simulation of the whole system from the 
heat production to its consumption cannot be done with this model.
Larsen et al. [5] compared two aggregated models for simulation and operational 
optimisation of district heating networks. The first one was developed in Denmark and 
the other one in Germany. The models are defined for a steady state situation but, 
according to the study, they can be used for dynamic simulation with good accuracy. 
Both models incorporate simplifying the network by means of changing a tree structure 
to a line and removing short branches. The Danish method assumes that all primary side 
return flows have the same temperature as they leave the heat exchangers and after that 
they start to cool slowly due to the heat loss to the ground, whereas the German one 
assumes that the return temperatures are constant. The heat loss coefficients are adjusted 
so that the heat balance is kept. The same difference is in the supply pipes: In the 
German model, the temperature of the flow is constant but the Danish one takes the 
cooling into account. When it comes to pressure drops in the pipe work, the German 
model is more specific incorporating the pipe surface roughness and fittings such as tees 
and elbows, for example. The German model is capable of removing loops from the 
network by transforming them into serial pipes or splitting them to two serial pipes and a 
branch. The Danish method does not have the corresponding ability. The heat 
consumer's heating installations are handled in a more specific way in the Danish model: 
It calculates the primary return temperature as a function of heat load, primary supply 
temperature, secondary side temperatures and the heat transfer area of the heat 
exchanger; The German model uses a prescribed return temperature which is a function 
of heat load (outside temperature) and supply temperature, which also depends on
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outside temperature. That is to say that neither of the models are capable of handling 
domestic hot water peaks, as such.
Both models were tested with a DH network close to Copenhagen in Denmark. The total 
length of the DH pipe work was approximately 8.3 km. There were some 8000 
dwellings, five schools and a city centre with many shops and institutions connected to 
the DH network via 23 sub-stations. The building density compared with the length of 
the pipe work was very high. That is why the annual heat loss was only some 3 per cent. 
The measurements included at each sub-station primary and secondary supply and return 
temperatures, pressures in the supply and return lines and cumulating heat consumption 
readings. The interval for reading above data was 5 minutes and the total measurement 
period lasted 5 days in December 2000. The heat supply from the boiler plant was 
measured at the same time. The standard deviation of the error between the real and 
calculated heat production at the plant and the real and calculated return water 
temperature at the plant were used as evaluation criteria for the models. It turned out that 
both models work well provided that the network was not over-simplified. According to 
the study, the Danish model allows the number of pipes to be reduced from 44 to 3 
without significantly increasing the errors in the case study. With the German method, 
the minimum number of pipes was around 10.
These two methods focus on the dynamics of the network and possibilities to make a 
network with several nodes plainer without losing the accuracy of the simulation. The 
Danish model includes rather sophisticated consumer calculations, which leads to fairly 
accurate return water temperatures from the heat exchangers provided that the heat loads 
and the design values of the heat exchangers are known. The German model, on the other 
hand, focuses more on the flow dynamics in the pipe work and uses constant values at 
consumer sub-stations. The generation of heat was not included in these two models.
Dotzauer [6] created a simple model for prediction of loads in district heating systems. 
Stochastic models that incorporate detailed modelling of the network and utilisation of 
accurate weather forecasts often face problems due to insufficient measured data
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(temperature, flow and pressure) in the network and lack of suitable weather forecasts. 
The simple model was based on the assumption that the demand for heat can be 
described sufficiently well as a function of the outside temperature and the behaviour of 
the heat consumers. As only the total heat consumption of a building is typically known, 
it is important to divide it somehow to the outside temperature dependent and non- 
dependent parts. The study pointed out that not even the outside temperature dependent 
part of the heat consumption depends linearly on the outside temperature. For example, 
in summer when space heating is not required, fluctuations in outside temperature do not 
affect the need for heat. The same goes for the coldest periods in the winter when heating 
equipment work with their full output all the time, cooling of the outside temperature 
does not change the situation.
The study presented a method for calculating the demand for heat of all the buildings as 
a whole in different outside temperatures. Parameters are selected so that the outcome is 
sufficiently close to the measured data. They can also be used in taking into account the 
influence of the wind, for example. The behaviour of occupants (in particular the 
utilisation of domestic hot water) was assumed to follow yearly, weekly and daily 
patterns. The yearly pattern can be found in historical files. If the number of consumers 
has changed significantly from previous years, it was advised to use data from a few 
previous weeks and extrapolate it to cover the whole year. The weekly and daily patterns 
are modelled by using relevant parameters. In many cases it may be so that weekdays 
have one consumption profile and weekends another or all the days of the week have the 
same profile, if distinction between different days cannot be found.
The model was validated with two separate district heating systems in Stockholm, 
Sweden. In contrast to a real situation, weather forecasts were not used but measured 
outside temperatures were fed in. In these two case studies, the relative error between the 
real heat consumption and the calculated one was in the region of 6 to 8 per cent in the 
winter and 13 to 15 per cent in the summer (when the behaviour of the heat consumers 
plays bigger part than in the winter). The model is far more simple than many other, 
more sophisticated ones that are used for the same purpose. Yet, it gives satisfactory
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results for predicting heat demand in the network provided that accurate weather 
forecasts are available and the behaviour of the heat consumers follows a regular pattern 
that can be identified.
Heller [7] studied heat load modelling for large DH systems and introduced a 'basic 
model': A general load model where it is assumed that loads are a composition of 
additive elements that are based on physical theory. The necessary parameters and the 
significance of the load components can be found by analysing data that has been 
measured at an existing DH system. According to Heller, for a typical DH system four 
components can be found that together make the total heat load: Space heating for 
buildings, domestic hot water preparation, distribution heat load and additional work-day 
loads. The last one means loads that are dependent on the day of the week. Some simple 
models were presented briefly in the study, the degree-day method was one of them. Of 
simulation methods, a steady state model where temperatures and flow rates are kept 
constant was compared briefly with dynamic simulation which can handle changing 
surroundings to a given system by computing the characteristics for the system in very 
short intervals, time steps. Within a time step the simulation may be similar to the steady 
state computation. According to the writer, there are two basic paradigms for building 
dynamic models: stochastic and deterministic. The former good for handling arbitrary 
load patterns, such as the simultaneousness of consumer based heat consumption like 
taking shower. The latter have the ability to explain things in a more physical manner. In 
the study, Heller focused on a deterministic model where the load is found for rather 
short periods, for example minutes or hours, and the system boundaries are constant 
during the simulation period. The model was built by using TRNSYS as a simulation 
tool. It made it possible to model several sub-systems separately. In the work, three 
representative time series for heat loads were applied to avoid modelling the dynamic 
behaviour of the buildings. This is a vastly used method since typical heat loads are a lot 
easier to handle than the thermal dynamics of a building. Three different types of 
buildings were modelled. They represent typical buildings connected to a Danish district 
heating network.
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As for the domestic hot water usage, a stochastic model developed in a previous study 
was adopted: Four categories of loads were included: 1) Small draw-off, like washing 
hands, 2) Medium draw-off, like dish washing, 3) Baths and 4) Showers. Each category 
is represented by a Gaussian-distribution curve describing the interrelation between the 
flow rate and the number of draw-offs. What is more, the following factors are 
considered: Yearly, weekly, daily and weekday influences are taken into account by 
means of probability coefficients. The probability of the demand during the year is 
described by a sinusoidal function with an amplitude of 10 per cent. The probability in 
relation to the weekday was described for each category. For the daily distribution, 
profiles are defined for each category, defining together a profile with two peaks in the 
mornings and evenings with a constant demand during the rest of the day and no demand 
at all in the night. The holiday distribution was defined by dates. For defined holidays the 
probability distribution for the hot water consumption was reshaped for the given day. 
The stochastic approach leads to significantly lower domestic hot water peaks because 
the model does not suspect the consumption to take place simultaneously in all the 
buildings.
The model includes not only the heat distribution losses in the district heating network 
but also heat losses that take place in the building's pipe work. When it comes to the 
latter, the author says that domestic hot water circulation (to make hot water available 
very fast from any faucet) causes, according to literature, a huge heat loss compared with 
the heat loss from the actual hot water flow but, as the results differ a lot from source to 
source, circulation heat loss in buildings was left out from the model.
Dynamic simulation of heat losses from the DH network was carried out by simplifying 
the structure of the network before the actual calculation. The author pointed out that 
most of the reported network simplifying concepts are either poorly documented or not 
easy to apply. However, it was considered necessary to simplify the structure of the 
network to avoid very extensive calculations.
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The model was tried with a case of a network connecting 1320 buildings. They were 
mainly old, single-family buildings. The total length of the district heating network was 
some 4000 metres. Annual heat loss was, according to measurements, approximately 23 
per cent. The domestic hot water consumption doubled in the summer due to tourism. It 
was noticed that without adjustment, the model gave too high a load in the winter and too 
low in the summer. After finding and correcting the appropriate parameters, the model 
gave results that correlated well with measurements. The study brought out that models 
incorporating several parameters need to be validated with a real case, which in turn 
demands extensive measurements. If such data for validation are not available and the 
parameters cannot be estimated reliably, the author preferred the degree-day method.
Lundgren et al. [8] studied experimentally the operation of a 500 kW wood chip boiler 
during fluctuations in the need for heat. The boiler was a grate type one, but the 
construction of the combustion chamber was more sophisticated than what can be found 
in a typical grate type boiler. There was also a heat storage water tank with a volume of 
about 35 m3 . This size of heat storage can seldom be found in a 500 kW boiler plant. The 
initial idea for installing such a tank was to gain the following five benefits: 1) The heat 
storage can be used to cover temporary heat load peaks instead of taking a back-up boiler 
into operation. 2) It can be used to counter-balance the thermal output of the wood chip 
boiler and this way improve the combustion efficiency by limiting the starts and stops 
close to the minimum. 3) Smoother operation decreases the emissions of harmful 
pollutants. 4) The heat store can be used as a heat reserve during short maintenance 
periods such as sooting or de-ashing or during breakdowns. 5) In case of a failure of the 
district heating pumps, the storage tank is able to take the heat generated by the boiler for 
so long that the boiler output has come down to a level that would not cause the boiler 
water to overheat. The fuel feed rate of the boiler is controlled by adjusting the time 
between the piston strokes. The piston causes the grate to travel and thereby the fuel on 
the grate moves towards the lower end of the grate and more fuel enter at the upper end, 
simultaneously. The time between the piston stokes depends on the space heating 
demand, moisture content of the fuel and running time of the fuel feeding screw. Also
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the boiler water temperature controls the fuel feeding rate so that the boiler water does 
not overheat. The primary and secondary air plus flue gas rates are calculated according 
to the piston stroke rate. New operational values are calculated every hour based on 
changes in the heat consumption.
Experimental simulations were carried out with the boiler. Heat load fluctuations in three 
different seasons: winter, summer and spring/fall were simulated assuming that heat 
demand depends linearly on the outside temperature so that the heat demand is at its 
minimum at +17 °C and at its maximum when the outside temperature is -30 °C. Heat 
load peaks caused by domestic hot water consumption were set manually to take place in 
the morning, at lunch-time, at dinner-time and in the evening. The heat load peaks were 
intended to last for about one to two hours and to be in the range of 150 to 200 kW. The 
experiments were carried out with the boiler alone and with the heat storage tank. The 
results brought out that the boiler alone was capable of increasing its output by some 
10 kW/min but the combination of the boiler and the storage tank could make an increase 
of some 40 kW/min at the beginning of the peak. The final conclusion of the study was 
that for a small district heating system, a large heat storage tank helps to keep the boiler 
in operation during the summer when heat demand fluctuates most and it also helps to 
keep the boiler operating smoothly which, according to measurements carried out, 
prevents emission peaks. The aim should be to operate the boiler at as constant a thermal 
output as possible.
BShm et al. [9] monitored the energy consumption in a district heated apartment building 
in Copenhagen, Denmark. Their specific interest was in the thermodynamic performance 
of the building. The living area of the building was 2090 m2 and it consisted of 35 
apartments. There were two heat exchangers separating the building from the district 
heating network; one for space heating and the other one for domestic hot water (DHW) 
preparation. The latter system also incorporated a 1 m3 hot water tank in the secondary 
(building) side, which made it possible to use rather a low design capacity for the DHW 
heat exchanger (23 kW). The design temperature for the secondary supply flow to the 
radiators was 70 °C and the return 50 °C respectively. The supply temperature was
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controlled by outside temperature so that the flow temperature was 70 °C if the outside 
temperature fell below -12 °C. As the outside temperature went up, the supply water 
temperature came down linearly so that at +12 °C it was 50 °C. Above that point the 
slope changed so that at 17 °C outside temperature the supply water temperature was 
30 °C. At 18 °C the circulation pump stopped.
The basic concept was to use existing measuring equipment as far as possible. There was 
already a data collection system installed by the housing company in order to monitor the 
performance of the building. The data for the study was collected from five sources: 1) 
Consumption data obtained from manual reading of cold water and district heating 
meters, 2) Temperature data from existing Pt 100 sensors installed in the domestic hot 
water system, 3) Data on the space heating system that was collected in a data logger 
(there were thermocouple sensors measuring temperatures installed on the surfaces of 
some pipes, a flow meter that measured the flow in the radiator circuit and pressure 
transmitters that measured the pressure difference over the radiator system circulation 
pump), 4) Pulse signal data on the instantaneous consumption of heat measured by the 
district heat energy meter and 5) Power consumption data on the circulation pump 
obtained from the frequency converter.
The results showed that the monthly heat demand as a function of degree-days was rather 
linear. This is to say that the heat consumption seemed to depend strongly on the outside 
temperature. The consumption of domestic hot water seemed to fluctuate by a surprising 
extent: The monthly consumption varied from 55 to 100 m3 during the measuring period 
of 4.5 years. No clear yearly or monthly pattern in the consumption profile could be 
found. The temperature difference between the primary side district heating supply and 
return waters over the heat exchangers varied between 25 °C in the summer and 50 °C in 
the winter. The study brought out that different sources give rather divergent values for 
domestic hot water consumption and heat losses due to hot water circulation in the 
building. However, at least in Scandinavia, outside temperature dominates the heat 
consumption of a building so that possible deviations in the domestic hot water 
consumption do not spoil the calculations. In the case study, it also came out that heat
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exchangers operated rather far from their design values: The space heating heat 
exchanger was dimensioned for 180 kW but it actually gave only 60 kW at the design 
outside temperature. The design secondary flow rate was 7.7 m3/h but the measured 
value was 1.7 m3/h. The temperature difference was designed to be 20 °C but it was 
measured to be 36 °C. When it comes to the domestic hot water heat exchanger, the 
design value was 23 kW but it was measured to give 40 kW. There was also a measuring 
period of a week during which the division of heat consumption was studied. It was in 
January 2002 and the outside temperature varied between -8 and + 5 °C. The heat 
demand for space heating responded clearly to the outside temperature; the graphs were 
almost mirror images of each other. The heat load due to the domestic hot water 
consumption, on the other hand, did not reflect the outside temperature but there was a 
clear consumption profile that repeated each day, even though not all the days had a 
similar profile. It seemed that there were two or three peaks but the consumption was 
rather steady during the day whereas during the night it went to zero.
Sjodin et al. [10] studied the calculation of marginal cost of a district heating utility by 
demonstrating three models for calculating it. One was a manual spreadsheet method, the 
other one involved an optimising linear-programming framework and the third method 
was a least-cost dispatch simulation model. District heat is a monopoly product; there is 
only one local supplier for it, if any. That is why the pricing should be explicable so that 
the price of heat is not artificially kept high, for example to be able to sell electric power 
at a cheap price. Many heat selling companies produce heat and power in CHP plants. 
The competition in the electricity market is rather hard as it can be delivered far from the 
generation point, contrary to district heat which is a local product. One socially 
acceptable pricing policy is that prices should equal short range marginal costs of DH 
generation. This kind of pricing does not, however, guarantee full cost coverage for the 
producer. Another widely adopted pricing policy is that the price of district heat is set 
just below the price customers would pay for alternative heating, for example heating 
with oil or electricity.
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When district heat is produced with heat only boilers (there is no electric power 
production), the calculation of marginal costs is rather simple. As combined heat and 
power (CHP) comes in, the calculation becomes more complex: If the CHP production is 
to be viable, the market value of produced electricity and heat need to exceed the total 
generation costs of the CHP plant.
A case study was carried out and the three models were tested with it. It turned out that 
calculated marginal costs with them were similar.
Poredos et al. [11] suggests that not only the quantity but also the quality of district heat 
should be considered when pricing thermal energy, for example district heat. According 
to the authors, energy loss depends mainly on supply and return water temperatures (heat 
loss to the ambient ground) and on the friction losses related to the flow in the pipe. It 
was recommended in the study that consumers who cause bigger energy loss, for 
example due to requiring higher supply water temperatures or flow rates because of 
inadequate cooling in the heat exchanger, should pay higher unit prices for delivered heat 
than those who do not cause additional energy loss. Several equations and graphs were 
presented to show how energy loss in a district heating network depends on for example 
supply and return water temperatures. A method for calculating the price of heat for 
consumers using supply water at different temperatures was introduced.
Arvastson [12] has a mathematical approach to predict the behaviour of the customers 
connected to the network so that action can be taken beforehand based on outside 
temperature changes. Palsson [13] uses the same kind of approach as Arvatson, in 
addition to incorporating a heat storage tank and combined heat and power production. 
Sejling [14] shows another rather similar method for predicting heat load based on 
outside temperature changes. Lehtoranta et al. [15] put a little more emphasis on daily, 
weekly and yearly rhythm that can be found in the need for heat.
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2.3 Computer applications
There are also computer software available for simulating the interactions in the DH 
network or the thermal behaviour of buildings. Some of them are presented briefly in the 
following section. It needs, though, to be remembered that these programs are more like 
tools which cannot be used in simulating a whole district heating system just like that. 
What they can offer are more or less easy to use equations for modelling physical 
phenomena related to heating. If one needs to simulate a district heating system, he has 
to build the application from pieces the programs offer.
There are several computer programs available that are useful in many heating, 
ventilation and air-conditioning (HVAC) related problems. TRNSYS is probably the best 
known of them. It has been used for more than 25 years. It was developed in the 
University of Wisconsin in the USA, the code has been written in Fortran. Its modular 
system approach makes it one of the most flexible tools available. TRNSYS (TRaNsient 
SYstem Simulation Program) includes a graphical interface, a simulation engine, and a 
library of components that range from various building models to standard HVAC 
equipment to renewable energy and emerging technologies. It also includes a method for 
creating new components that do not exist in the standard package. It can be used in 
HVAC analysis and sizing, multi-zone airflow analyses, electric power simulation, solar 
design, building thermal performance and analysis of control schemes for example. 
TRNSYS is designed to simulate the transient performance of thermal energy systems. It 
relies on a modular approach to solve large systems of equations described by Fortran 
subroutines. Each Fortran subroutine contains a model for a system component. Each 
component has inputs and outputs. By creating an input file, the user directs TRNSYS to 
connect the various subroutines to form a system. The TRNSYS engine calls the system 
components based on the input file and iterates at each time step until the system of 
equations is solved.
Another American Fortran based program is HVACSIM+. Contrary to TRNSYS, which 
is a commercial product, it can be obtained free of charge to non-profit making 
organisations. It is a simulation model of a building HVAC system and HVAC controls,
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the building envelope and the heating or cooling plant. The main program of 
HVACSIM+ employs a hierarchical, modular approach and advanced equation solving 
techniques to perform dynamic simulations of building, HVAC or control systems. The 
modular approach is based on the methodology used in the TRNSYS program. The 
problem with HVACSIM+ may be that it requires a lot of user computer literacy. 
Calculation time when solving simultaneous equations tends to be rather long, too.
IDA (the company, Equa Simulation Technology Group, does not specify what the 
letters stand for) is a program developed in Sweden. As a matter of fact, there are several 
IDA programs that relate to HVAC simulation. IDA Simulation Environment (IDA SE) 
is a general purpose modelling and simulation tool for modular systems where 
components are described with equations. Each component contains somewhere between 
a single and a few hundred differential and/or algebraic equations. Ready-made 
components are interconnected by the user in arbitrary combinations. IDA SE suits 
solving non-linear algebraic problems without requiring initial guesses from the user. It 
is based on a general purpose differential-algebraic equations solver which relies on 
precompiled models of physical components. Component models are packaged as 
Windows dynamic link libraries and their interconnection into systems is described in a 
system description file. IDA Indoor Climate and Energy is a whole-building simulator 
allowing simultaneous performance assessments of all fundamental issues to building 
design: Form, fabric, glazing, HVAC systems, controls, light, indoor air quality, comfort, 
energy consumption etc. It is a tool for simulation of thermal comfort, indoor air quality 
and energy consumption in buildings. The mathematical models in IDA ICE (Indoor 
Climate and Energy) are described in terms of equations in a formal language, NMF 
(Neutral Model Format).
An UK company IBS Ltd is selling programs called ApacheSim and ApacheHVAC. 
With Apache one can simulate most HVAC processes. It uses a flexible component 
based approach which makes it possible to assemble systems on the screen as designed. 
Apache makes it possible to assess many aspects of thermal performance, from annual
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energy consumption and carbon emissions to individual surface temperatures. 
ApacheSim and Apache HVAC are thermal analysis products and they simulate aspects 
of thermal performance like solar shading and penetration, HVAC systems and control. 
Several modules are available: Geometrical modelling; building data input and 
visualisation; management of data relating to materials; occupancy, plant operation and 
climate; shading analysis; heat gain calculations; heat loss calculations; dynamic thermal 
simulation; natural ventilation and indoor air quality analysis; HVAC system simulation.
EnergyPlus is a program that one can get without any charge. It is a building energy 
simulation program that was developed, in the USA, for modelling building heating, 
cooling, lighting, ventilating, and other energy flows. EnergyPlus uses a simple ASCII 
input file. It reads input and writes output as text files. Hourly weather data from stations 
across the world is continuously collected and stored into a local database. The data is 
available through a web interface. Most stations have information for dry bulb 
temperature, wet bulb temperature, wind speed/direction, atmospheric pressure, 
visibility, cloud conditions, and precipitation type. As the program comes from the USA 
it is natural that the emphasis on weather data is on their continent. There are, though, 
quite a lot information from many places in Europe, too.
GRADES Heating and Heat NEXUS are simulation tools for a district heating (or district 
cooling) system. They were developed for design and simulation of rather large DH 
systems. They include control of pumps and valves and an automatic PID control 
module. The interface is very user-friendly: Once the network has been modelled (which 
is easy if there is a suitable map available), the user will be able to see many details such 
as temperature, flow rate or pressure in the networks just by clicking the mouse button at 
the right point of the network. One can also change the value of the ambient ground, for 
example, to see how it affects the heat loss; or change the size of a pipe between given 
nodes to see how it affects the division of flow in the system. The programs are network 
design tools and do not include heat production equipment or details of the consumers' 
installations. They were created by a company called Process Vision Oy, Finland.
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Flowra 32 (formerly Kaver) is another design and simulation tool for district heating 
networks. The interface is graphic with this application, too, and the features are close to 
those of GRADES or NEXUS. The program was developed by Finnish companies 
Electrowatt-Ekono Oy and Komartek Oy, the latter of which nowadays develops it alone.
2.4 Summary
Even though most of the studies referred in Chapter 2.2 are rather extensive, practically 
all of those that relate to modelling include some simplifications. In particular, modelling 
of the district heating network seems to require so much computational capacity that 
several researchers have studied whether it could be simplified so that it would still 
maintain its dynamic behaviour. Studies [3], [5] and [7] suggest that the network can be 
simplified substantially and the model still gives satisfactory results. This finding has 
been utilised in this thesis.
Dynamic modelling of the heat consumption of several buildings has been carried out by 
using suitable time steps instead of continuous modelling [1], [5]. It became clear that 
due to so many variables that change relatively slowly it is not meaningful to use very 
short time steps. This only retards the calculation but it does not make it significantly 
more accurate.
Consumption of domestic hot water is the difficult part when modelling the need for heat 
of a building. Outside temperature dominates the need for space heating, but domestic 
hot water consumption depends on the people who occupy the building. Aronsson's [2] 
research on the heat consumption of several buildings in Sweden gives valuable data 
concerning this subject.
24
3. Development of a steady state model to determine the size of 
a wood chip boiler
3.1 Introduction
In a feasibility study on purchasing a wood chip boiler to provide heat for a group of 
buildings, one should be able to find out the best fitting size for the boiler. When wood 
chip boilers are concerned, two things have to be born in mind; they are a lot more 
expensive than similar oil-fired boilers and they cannot be used if the heat demand is 
very low. These two facts lead to the conclusion that the optimal capacity for a wood 
chip boiler does not equal the maximum heat demand but is somewhat less. The 
objective is to specify a boiler capacity that would be able to produce a good deal of heat 
with a reasonable purchase price.
In a typical case there are several existing buildings that are heated separately using light 
oil as fuel. The annual oil consumption is known or at least it is rather easy to find out. 
Some buildings may be included in the study even though they do not exist yet. These 
buildings have been designed, however, more or less accurately and their heat 
consumption can be predicted or calculated quite effortlessly.
Every year has its own distinctive weather conditions. Many things have an influence on 
the heat consumption of a building, the most significant one being the outside 
temperature. In Finland, the Meteorological Institute has recorded prevailing outside 
temperatures through many years in several different localities. It has also published the 
average temperature durations in some places. These files tell how many hours per year, 
on average, any outside temperature occurs. Figure 3.1 shows the average temperature 
durations in Oulu between 1961 and 1980.
As can be seen in figure 3.1, the most common outside temperature is around 2 °C in 
Oulu, which is located in the northern part of Finland. It can also be seen that the coldest 
periods do not last long and neither do the very warmest ones.
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Figure 3.1. Average temperature durations in Oulu.
As well as temperature durations, the average monthly division of heat demand is 
known. It was also based on temperature measurements in many places through several 
years. The product of time and temperature difference between the target (inside) 
temperature and the prevailing outside temperature is called the degree-day number and 
it tells how the heat demand is divided on a monthly basis assuming that solely 
prevailing outside temperatures determine the need for heat of buildings. In Finland the 
target temperature is normally 17 °C.
Figure 3.2 shows the average division of heat demand in Oulu. According to it, the 
summer-time heat demand is almost non-existent.
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Figure 3.2. The monthly division of heat demand in Oulu.
The consumption of domestic hot water (DHW) changes the pattern of heat demand 
somewhat. It is known that the consumption of DHW remains approximately constant 
through the year, so despite warm prevailing temperatures heat is needed and consumed 
in the summer, too. The amount of heat needed for DHW preparation is seldom known 
exactly and it typically has to be estimated. In Finland it is generally between one fourth 
and one third of the total annual heat consumption when residential buildings are 
concerned.
If separate heating systems are replaced with a district heating (DH) system, new 
pipelines will have to be installed. These pipelines cause heat loss that has not occurred 
before. So the heat production of the new boiler plant will most likely exceed the 
previous total produced by the separate oil-fired boilers. Heat loss from the district 
heating network to the ground depends mainly on the temperature difference between the 
interior and exterior of the pipe and the insulation cover on top of the pipe.
27
The supply temperature will be adjusted according to the prevailing outside temperature. 
In Finland it is typically around 115 °C at its highest (when the outside temperature is at 
its coldest). The lowest value for supply water temperature is around 70 °C and it occurs 
in summer when heat is needed solely for domestic hot water preparation. The 
temperature of the return water depends on how much heat is consumed, the sizing of 
heat exchangers, the supply water temperature and the bypass flow. The temperature of 
the ground changes along with the outside temperature. As can be noticed, the pattern is 
rather complex and the annual heat loss to the ground cannot be calculated readily. That 
is why pipe manufacturers' brochures are typically used when heat loss has to be 
estimated. These brochures tell the heat loss depending on pipe size, insulation thickness 
and average supply, return and ground temperatures.
As was mentioned before, the total oil consumption is typically known. Since the heat 
value of light oil is known and the efficiency of transforming chemical energy into hot 
water can be estimated, the actual heat consumption of the building can be calculated. 
Typically it is 80 to 90 % of the heat value of the oil it consumes. Part of it is consumed 
for domestic hot water preparation. The rest is used for the actual heating of the building. 
This part is supposed to be proportional to the outside temperature just as is the heat loss 
to the ground.
3.1.1 Design conditions
Authorities have set design temperatures for different parts of Finland to be used in 
sizing heating equipment for buildings. They define the conditions which the heating 
system should be able to cope with. If the outside temperature goes below the design 
temperature, the inside temperature is allowed to decline somewhat.
Hence one can find inputs of the heating system corresponding with different outside 
temperatures, assuming that the maximum heat input occurs at the design temperature 
and below it and that the heat input goes down linearly as the outside temperature rises 
till it has reached a level where no heating is needed any more. That level is normally 
around 15 °C because some heat will be liberated in the interior from solar radiation,
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electricity usage and people. Thus, suitable temperature duration data and the annual heat 
consumption are needed. Figure 3.3 illustrates the relative heat input in different outside 























M -30 -26 -22 -18 -14 -10 -6-22 6 10 14 18 22 26 
Outside temperature, *C
Figure 3.3. The relative heat input against outside temperature.
As figure 3.3 brings out, the consumption of heat remains constant (100 %) below the 
design temperature and above the 'heating ends' -point (0 %).
Multiplying temperature durations (figure 3.1) by relative heat input (figure 3.3) and 
dividing by total hours gives us the annual heat consumption against different outside 
temperatures. Figure 3.4 illustrates this:
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Figure 3.4. The annual heat consumption against outside temperature.
It can be seen in figure 3.4 that most of the annual heat consumption occurs in rather 
moderate temperatures; cold periods do not last long and are therefore of less importance 
than somewhat warmer periods. If the peak demand is known, as usually is the case, one 
can substitute the kilowatts for the percentages in figure 3.3 and thus multiplying them 
with hours will result in kilowatt-hours in figure 3.4. In general, the value of the peak 
demand has to lead to the desired annual consumption; so it is not necessarily the same 
as the sum of present boiler capacities.
The consumption of domestic hot water occurs momentarily but in this sort of 
calculation procedure one cannot deal with it the way it actually takes place. Therefore it 
has to be assumed that DHW is consumed all the time at a constant rate because it is not 
known how the consumption is divided in different outside temperatures. It is quite easy 
to calculate what constant input would lead to the energy consumption that is supposed 
to be the share of DHW. This constant input is then multiplied by temperature durations 
and added to the annual heat consumption. Figure 3.5 shows the effect of DHW 
consideration in the heat consumption against different outside temperatures. The share
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of DHW is 25 % of the total heat consumption. The broken line is identical with figure 
3.4 and the full line includes the use of DHW.
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Figure 3.5. The annual heat consumption against outside temperature. The use of 
domestic hot water included (full line).
As figure 3.5 brings out, the pattern becomes a bit more even when DHW is included. 
Otherwise the shape is distinctively the same. One may similarly add the constant input 
for DHW to the input in different outside temperatures (figure 3.3) and thus find out its 
significance. Figure 3.6 shows this. The share of DHW is 25 % of the total heat 
consumption which leads to a constant input of approximately 8 % of the maximum 
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Figure 3.6. The relative heat input against outside temperature. The use of 
domestic hot water included (full line).
3.1.2 Boiler sizing
Now that the division of input is known, one may test what kind of boiler would give the 
best result if the biggest possible share of the heat production is the aim. One may then 
presume that the minimum sustainable output is a constant percentage of the maximum 
output. For example, if the maximum output is 1000 kW and the minimum 200 kW, it is 
between these two values that the wood chip boiler is able to operate. When the outside 
temperature is so high that the heat demand including DHW preparation and heat loss is 
below 200 kW, heat must be produced with some other equipment than the wood chip 
boiler. As the input rises above 1000 kW, the exceeding part must be produced with, for 
example oil. By using figure 3.6, one is able to specify outside temperatures that 
correspond with the above limits. Then, by using figure 3.5, one can determine which 
part of the annual heat consumption can be covered with the wood chip boiler. This is 
illustrated in figure 3.7: The broken line shows heat demand (input) and the full line 
shows how the wood chip boiler is able to operate if its capacity is 60 % of the maximum
32
demand and its output is not allowed to decline below 20 % of its capacity, that is 12 % 
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Figure 3.7. Heat demand (broken line) and wood chip boiler's output (full line)
against outside temperature.
Figure 3.8 shows what kind of annual heat consumption share would the aforementioned 
wood chip boiler be able to produce. It can be seen that between -12 °C and 12 °C it 
could produce all the heat demanded. As the temperature declines below -12 °C, its share 
becomes smaller. This is, though, of minor importance because there are so few hours 
when the temperature is below this point. Distinctively more important is the slumbering 
output of the wood chip boiler: If the boiler could remain in operation in the summer, it 
would be able to produce practically all the heat needed. Even now its share is 
approximately 90 %. In general, a wood chip boiler should be sized in Finnish climate 
conditions to 40 - 60 per cent of the peak load. With it, one can typically get a share of 





Figure 3.8. Wood chip boiler's share of the annual heat production (full line).
To find out the annual wood chip consumption and the diurnal consumption in the 
coldest periods, when the wood chip boiler operates at its maximum output, one needs to 
have an idea of the quality of the fuel. The most important thing to consider is the 
moisture content. If it, as well as the bulk density of the wood chips are known, both the 
diurnal and annual consumptions are easy to calculate because the heat value of wood 
(kWh/kg or MJ/kg) depends practically solely on its moisture content. It is important to 
have an idea of the annual consumption so that one may consider how much work and 
time it takes to produce the fuel for the boiler plant. The maximum diurnal consumption 
is needed when sizing the fuel storage.
The efficiency of the boiler has a certain impact on its fuel consumption. Typically it is 
not known exactly at this stage but it can be estimated. The annual efficiency of a wood 
chip boiler is around 80 % if the boiler is in a good condition, as it is supposed to be.
It is obvious that the wood chip boiler would be out of use for some time due to 
maintenance and reparation. Again, it is difficult to say how often it would break down,
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but it is obvious, anyway, that failures would take place more often than with an oil-fired 
boiler since wood chip boiler units are quite a lot more complicated. One might suspect 
that the wood chip boiler would be out of operation e.g. 1 - 2 % of the heating period.
With all the above information, one is able to calculate annual wood chip and oil 
consumptions with different boiler capacities leading to annual costs and savings. As the 
purchase price can be estimated, it is quite simple to solve whether the savings are 
sufficient to pay the investment back in the required period. The running of the boiler 
plant and the supplying of the fuel can be arranged in many different ways. Nevertheless, 
the question is: How much cheaper would it be to produce the heat, or at least a good 
deal of it, with wood chips compared with present heating systems. Another important 
question is: What would the total cost of purchasing a wood chip heating system be. As 
answers to these two main questions are found, the feasibility study is virtually 
completed.
The above described model represents the type that is quite often used when feasibility 
studies for small and medium size wood chip boiler plants are carried out. As a matter of 
fact, in many cases the studies are done with even more simplified models. The main 
idea in this sort of model is that one relies on average weather data (that is prevailing 
outside temperatures) and assumes that the heat demand is linearly proportional to the 
outside temperature.
The main weakness of this model is that it does not take into account the fact that 
domestic hot water usage takes place momentarily, certainly not at a constant rate. 
Another weak point is that as different outside temperatures are dealt with based on 
degree-days, the model has no clue in what kind of continuous periods these 
temperatures occur. For example, if it is known that a temperature of 12 degrees occurs 
one hundred hours per year, and we know that it corresponds with a relative output of 
15 % of the wood chip boiler's maximum output, the model tells us that as the heat 
demand is less than 20 % of the boiler's maximum output, the boiler will be out of 
operation during the whole period of 100 hours. In reality, it is probable that many
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periods, when temperature rises so high that the boiler's output is below the minimum 
slumbering output, are so short that the boiler can cope with them pretty easily provided 
that the outside temperature goes down quite soon or domestic hot water usage increases 
so that more heat load will exist. This kind of situation could take place in spring and 
autumn, when daytime temperatures may rise rather high but then fall again in the 
evening.
The same phenomenon could take place in a reverse order: If low outside temperatures 
prevail in short periods in the middle of warm periods, it is probable that the wood chip 
boiler will not be taken into operation but the heat will be generated with the back-up 
boiler. The model would suspect that as the temperature is low, the wood chip boiler is in 
operation.
There is still one more limitation in the model: It does not take into account the 
accumulative effect of the pipe work. It is obvious that large heating networks that 
contain a lot of water, are to an extent capable of levelling off peak loads and shorter 
periods of low heat consumption as well. The heat loss from the pipe work helps as well 
to keep the wood chip boiler in operation during low load periods. In the model, it is 
assumed that heat losses are proportional to outside temperature the same way as heat 
consumption. That is of course not true, because heat losses exist even in the summer 
when no heat is needed for actual heating of the buildings. It is, though, obvious that as 
heat losses to ground are something like 10 to 15 % of the total heat production and they 
definitely are somehow related to outside temperature, the error might not be significant.
3.2. An application of the steady state model
One of the main objectives of this study is to estimate how reliable is the above 
described model for sizing wood chip boilers and carrying out feasibility studies on small 
and medium size district heating systems. There is a case that has been studied with this 
method at the beginning of this millennium. This case will be presented in order to show 
how the model works. Later on, another model will be presented and the same case will 
be studied. This model has some restrictions due to which it is not strictly comparable
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with the steady-state model. That is why some initial data have been changed to make 
the models comparable. For example, in the original study prevailing temperature data 
was from Tampere, now it is from Helsinki. The boilers were somewhat oversized in the 
original study, now the idea is to find the optimal size. There were also two different 
district heating network sizes under investigation, whereas one is quite enough for this 
purpose. These changes have been made to make both studies in line with each other so 
that possible differences in results can be seen.
3.2.1. The subject
Karvia is a market town -size municipality in the south-western part of Finland with 
approximately 5000 inhabitants. Buildings in the market town are mainly residential, 
schools and shops. This is not the first feasibility study for the municipality, another one 
has been carried out a couple of years earlier [16]. The numbering of the buildings is the 
same that was used in the previous study. As some dwellings have now been left out, the 
numbering is not entirely continuous.
Investigating the viability of purchasing a district heating network and a boiler plant was 
the purpose of this study. Furthermore, the aim was to estimate the costs of 
implementing the project and to determine the marginal price of produced heat.
From the outset it was clear that if a district heating system is purchased, the only 
possible investor will be the municipality of Karvia. Moreover, it was clear that if the 
boiler plant was purchased, it would be a co-operative that supplies the primary fuel and 
runs the boiler plant. The municipality pays to the co-operative for produced heat and 
delivers it further to consumers. Should buildings not be owned by the municipality, their 
owners would have to pay a proper price for the delivered heat. It is obvious that light 
fuel oil will be used as a secondary fuel if the wood chip boiler plant is purchased, hi this 
case, it would be so that the owner of the boiler plant would supply the oil needed and 
the co-operative would only get paid for the heat produced from wood chips.
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The boiler plant would be situated in the southern part of the district heating (DH) 
network close to Karvian Konepaja, which is a machinery works and a substantial 
consumer of heat. From there the network would extend to the terraced houses near the 
street Aukustinkatu. The majority of the substantial heat consumers along the DH 
network would join the network. The total length of the network would be approximately 
4700 metres. The map can be seen in the Appendix as figure I where the position number 
of the boiler plant is 0.
Table 3.1 gives basic information on the buildings that would presumably join the DH 
network. The buildings have been numbered the same way as in the previous study. 
Therefore some numbers have been skipped, as it has become evident that those 
buildings would not join the network, even though they were considered as potential heat 
consumers in the previous study. Information about light fuel oil consumption is based 
on the owners' announcements. Authorities of Karvia were able to give some detailed 
information on the oil consumption of the buildings owned by the municipality. They 
could also tell the sizes of all the buildings in square metres and cubic metres. 
Furthermore, they knew the existing heating systems of the buildings. The correctness of 
announced oil consumption figures could then be assessed by dividing the annual heat 
consumption by the space of the building. The quotient should be approximately the 
same within the same sort of buildings.
Consumers from 1 to 13 are owned by the municipality. Their annual heat consumption 
is about 3020 MWh that is 51 % of the total consumption. It became clear that only 
consumer number 16, Karvian Konepaja, is somewhat complex when it comes to its heat 
consumption. The machinery works consists of two buildings, the smaller of which is a 
paint shop heated by blower heaters that use oil. It appeared that the paint shop might 
consume considerable amounts of heat in summer, too. The larger building is a more 
traditional machinery works where many kinds of metal works are being done. The 
building is heated by radiant heaters that use liquefied petroleum gas as fuel. The 
temperature remains rather low in winter. According to the owner, the annual oil
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consumption is around 100000 litres. The consumption of liquefied gas remained 
obscure. It seemed probable that the larger building would not be connected to the DH 
network, but if the price was suitable, the connection would not be out of the question.
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1) Heat consumption estimated
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The consumption of heat is based on the oil consumption data of the buildings. It has 
been supposed that the efficiency of the existing heating system has been 85 %. Some 
owners were able to give accurate data on oil consumption of the buildings through 
many years. Some data were less accurate. All the received consumption figures were 
checked by comparing them with consumption of similar buildings.
The peak loads of the buildings were estimated according to the sizes and use of the 
buildings. Again, peak loads can be defined rather accurately as building sizes and 
purposes of use are known; wall constructions and ventilation rates are virtually the same 
in buildings of same type and age.
The wood chip boiler plant would be placed in the southern part of the network. It is 
obvious that from the technical point of view better places for the boiler plant could be 
found: If the plant is in one end of the network, the main pipeline will have to be of a 
large diameter because virtually all the produced heat is transferred through it. Large 
diameters mean expensive pipe work and possibly increased heat loss to the ground.
Wood chip boiler plants are not, however, as reliable as the ones that use oil. It is 
therefore possible that in unfortunate circumstances the boiler plant causes trouble to its 
surroundings. Ash or soot may escape with the flue gas and conveyors may cause noise. 
Repetitive fuel supply may also disturb the neighbourhood. Authorities of Karvia 
decided that if the boiler plant is purchased, it will not be situated in the vicinity of 
schools or residential buildings.
3.2.2. Heat output and consumption
The DH network has not been dimensioned exactly. Nevertheless, approximate pipe 
sizes have been estimated to determine the heat loss to the ground. It has been supposed 
there would be separate pre-insulated supply and return lines. The pipe material would 
be steel and the insulation polyurethane. The annual heat loss has been read in a pipe 
manufacturer's (Powerpipe Ltd) brochure according to pipe dimensions. There were 
three insulation classes available the first of which gives the thinnest insulation cover on
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the pipe and the third the thickest. Flow temperatures are close to average supply and 
return temperatures in a typical Finnish DH system (supply 85 °C and return 55 °C). The 
ground temperature is the average outside temperature in southern Finland (5 °C). Pipe 
dimensions have been selected according to peak loads. It is, however, obvious that not 
all customers would consume heat at the maximum rate simultaneously. Therefore it is 
probable that estimated pipe dimensions tend to be rather large. However, there are 
buildings along the network that possibly join later on. Selecting large pipe diameters 
makes it possible to increase the amount of customers. Table 3.2 shows the flow pipe 
sizes and diameters of insulated pipes with class 1 and class 2 pipes. The insulation 
material is polyurethane and there is approximately 5 mm thick plastic cover on it.
Table 3.2. Pipe dimension and insulation cover thicknesses with 
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Table 3.3 shows approximate pipe dimensions, lengths and expected heat loss to the 
ground with the second and third class insulation. The lengths include both supply and 
return lines.
3.2.3 Accuracy
With the exception of Karvian Konepaja works, all the buildings that belong to the 
survey are rather steady when their heat consumption is concerned. The oil consumption 
of the vast majority of them has been recorded through many years. It is unlikely that 
there would occur any major changes in the future and, even if there should, they
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probably would not all lead to the same direction but they would presumably offset one 
another.









































Karvian Konepaja is a lot more complicated consumer of heat than the others. The paint 
shop needs heat occasionally if the paint takes too much time to dry. It is therefore 
difficult to estimate the amount of heat needed through the year. The larger building, the 
workshop, could also be connected to the DH system. It is, however, a tall building and 
radiant heaters are probably most suitable for it, particularly when the huge doors have to 
be opened and the air changes rapidly.
It is possible that there will be another workshop close to the existing one within the next 
few years. Connecting it to the DH system would seem reasonable because it could be 
designed so that district heat could be used and no existing heating system would have to 
be disassembled. For instance, floor slab heating might be applied.
As table 3.1 shows, only the oil consumption of the paint shop has been taken into 
account and it is not necessarily an accurate figure either: The company has by no means 
recorded its oil supplies meticulously.
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3.2.4 The distribution of energy consumption
A great deal of the energy that customers consume is needed for compensating for heat 
losses caused by ventilation and heat transfer through the envelope. The rest is used for 
domestic hot water preparation. It is generally assumed that heat losses depend on the 
difference between the outside and inside temperature almost linearly. The inside 
temperature remains constant during the heating season. It is therefore the outside 
temperature that determines the heat loss to the exterior.
There are facts that do not support the above argumentation. Firstly, prevailing wind 
conditions do affect heat losses both through the envelope and by infiltration. Secondly, 
heat loss to the ground, especially from a cellar, is practically independent from 
variations in the outside temperature. Naturally, in the long run, changes in the outside 
temperature alter the ground temperature and thus the due heat loss, too. In addition, 
ventilation rates may be changed according to the outside temperature.
The heat loss of a building to the ground is rather scant, though, compared to other heat 
losses. In this case there are not so many buildings with such a sophisticated air- 
conditioning system that would make varying the ventilation rate according to prevailing 
outside temperature possible. Furthermore, outside temperatures are systematically 
recorded and their durations in different localities are known. Wind conditions, on the 
other hand, are extremely difficult to include in the calculations; so the only practical 
way is to rely on data on prevailing outside temperatures. Pipe work is assembled rather 
close to the ground surface, so heat losses from the network can be expected to follow 
the same pattern as heat losses from buildings.
In this study it has been assumed that 80 % of the total heat consumption is used for 
heating purposes. Domestic hot water preparation takes the rest. Accurate figures are not 
available, the above division is purely estimated.
The expected peak load has been calculated by means of average outside temperature 
durations in Helsinki in a test year (1979). This is because the same weather data is used
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in further calculations. Normally, average temperature data would be used. In figure 3.9, 
one can see as a comparison the differences in temperature durations between the test 
year (full line) and the average in years 1961 to 1980 (broken line). It can be seen that 
the temperature durations in the test year are not quite as stable as they are in average in 
the period of twenty years, but the shape is distinctively the same. 
It has been expected that when the outside temperature falls to -26 °C, the need for heat 
is at its highest. If the temperature still falls, the need for heat will remain the same; the 
inside temperature may fall, though. Furthermore, it has been expected that when the 
outside temperature elevates above 15 °C, the buildings do not need any more heating. 
As the temperature varies between above values the need for heat varies correspondingly 
between maximum and nil.
-30 -25 -20 -10 -5 0 5 
Outside temperature, *C
Figure 3.9. Outside temperature durations in Helsinki in the test year (full line) 
and average outside temperature durations in Helsinki 1961-1980 (broken line).
Domestic hot water preparation consumes heat occasionally. In this model, it is difficult 
to include it in the calculation the way it occurs. The problem is dealt with assuming the 
consumption to be constant all through the year. As table 3.1 shows, the annual heat
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consumption is approximately 5900 MWh. The heat loss to the ground is, depending on 
the insulation thickness, between 1100 and 1300 MWh (table 3.3) that is 15 - 18 % of 
the total heat production (7000 - 7200 MWh). Hereafter it is supposed that the third class 
insulation would be selected and all the calculations have been carried out accordingly.
With a heat production of 7006 MWh, the domestic hot water preparation would be 
1184 MWh as it is supposed to be 20 % of the consumed heat. That would say the 
constant DHW preparation rate would be 1 184 000 kWh/8760 h = 135 kW. As it is 
believed that when it comes to the actual heat consumption and heat losses (7006 - 1184 
= 5822 MWh) the consumption would be 100 % at the design temperature (-26 °C) and 
the lowest outside temperature when no heat would be required for heating and 
ventilation systems (plus heat losses) is 15 °C and the need for heat goes linearly 
between these two points as described in figure 3.3 it can be found out what maximum 
output would lead to above annual consumption. After some iterations it can be seen that 
if the peak load is 2406 kW, the annual consumption will be 5822 MWh. This can be 
seen in the Appendix, table I. Heating includes heat losses.
So, the peak load for heating, ventilation and heat losses is about 2400 kW. Naturally, if 
domestic hot water consumption should occur simultaneously with a low outside 
temperature, the actual peak load would be larger since in this calculation it has been 
expected that domestic hot water is used at a constant rate. Such peaks do not, however, 
last long and the large volume of hot water in the boiler and the pipe work is supposed to 
be able to offset them. The thermal mass of buildings makes them also of less 
importance.
3.2.5. The boiler plant
The wood chip boiler would be able to use peat and some other solid fuels as well, 
although the primary fuel would presumably be wood chips. In grate boilers solid fuel is 
incinerated on a grate in a combustion chamber. Conveyors bring fuel from a nearby 
store to the boiler plant the rate varying according to the output of the boiler.
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In spite of the fact that every potential consumer in this survey already has an existing 
heating system, it is recommended an oil-fired boiler to be included in the new boiler 
plant, too. Should the wood chip boiler get out of order, a back up heat source would be 
needed. Producing heat in the network from several points causes difficulties in adjusting 
temperatures. Some customers would, moreover, substitute heat exchangers for their 
existing heat sources so that they could not be used in any circumstances.
Sizing
In this particular case, the heat demand of most of the consumers adapts more or less 
linearly to variations in the outside temperature. Practically only Karvian Konepaja, 
namely the paint shop, may act unpredictably as a customer of heat. The typical sizing 
policy can therefore be applied in this study. Another question is to what extent would 
the demand of heat change in the future. There are several buildings along the DH 
network route that would conceivably join if the network was constructed even though 
they do not belong to this survey.
With a peak load of 2.4 MW, the normal sizing policy would offer wood chip boiler 
capacities between 1 and 1.5 MW. That size of a boiler would correspond with 40 to 60 
per cent of the peak load. At this point it is thought that the minimum sustainable output 
of the wood chip boiler is 20 % of its nominal output. Figure 3.10 shows what kind of 
share of total heat production would be expected with wood chip boiler sizes between 
700 and 2000 kW. The calculation has been carried out with 50 kW steps. The bumpy 
shape of the curve is mainly due to the minimum slumbering output being a constant 
percentage of the nominal output. As the need for heat has been calculated with 1° steps, 
it so happens that at certain outside temperatures the slumbering output is just a little bit 
too high. Thus, the model expects that as the slumbering output is higher than the input, 
the wood chip boiler cannot be in use. As temperature goes down 1°, the demand for heat 
increases enough to make the model decide that the wood chip boiler could now be in 
use. That leads to an abrupt increase in the wood chip boiler's annual share. To avoid it, 
one should know the temperature durations at smaller steps, e.g. 0.1° and calculate with 
small differences in the capacity of the boiler. On the other hand, it is not necessary to
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get a smooth shaped curve, because one can quite easily see the general shape of the 
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Figure 3.10. Wood chip boiler's share of annual heat production against boiler capacity.
It can be seen that above 1500 kW the increase in the heat generation share is more or 
less non-existent. To make a decision would require that one should be aware of the 
prices of wood chip boilers of different sizes. What is more, one should also know what 
sizes are available. The pricing of boiler plants is by no means easy to comprehend. 
There are some items that do not seem to be dependent on the boiler size, whereas some 
items are extremely sensitive to the size. The technology tends to change at certain size, 
e.g. simple auger feeders are typical for small boilers but bigger ones usually incorporate 
more robust feeding systems. These kind of changes lead to abrupt changes in the prices, 
too. Table 3.4 shows the estimated prices of some boiler plant sizes that are available. 
The prices are purely estimated, the idea is just to show how this sort of information can 
be used for finding the optimal size of the boiler.
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Table 3.4. Price estimates of boiler plants with different wood chip boiler sizes.
Boiler sizes
0.7 MW wood chip + 2.5 MW light fuel oil
0.9 MW wood chip + 2.5 MW light fuel oil
1.2 MW wood chip + 2.5 MW light fuel oil
1.5 MW wood chip + 2.5 MW light fuel oil





By comparing data in table 3.4 with figure 3.10, one can see that changing from 0.7 MW 
to 0.9 MW would increase the heat generation share by about 20 % (from 63 % to 75 %). 
The price, though would only increase by 5 %. Further, changing from 0.9 MW to 
1.2 MW would increase the heat generation share by about 14 % (from 75 % to 86 %). 
The price would go up by some 15 %. From 1.2 MW to 1.5 MW would increase the 
share by about 5 % (from 86 to 90) and the price respectively by some 9 %. It seems 
evident that the most suitable size for a wood chip boiler in this case would be either 
0.9 MW or 1.2 MW. The method is an approximate one and it is not possible to see 
exactly which of the above sizes would be better. Both seem to be equal.
In this case, it could be reasonable to choose the bigger boiler size (1.2 MW) because 
some buildings beyond this survey might join the network later on. The machinery works 
could also build a new building that would draw heat from the system.
In this study, the utilisation degree is supposed to be 100 %, which means that the wood 
chip boiler is expected to be out of order or under maintenance only in summer. 
Normally, the utilisation degree is around 98 - 99 % in the calculations, but as mentioned 
earlier, the results will be compared with results from another method, and it is 
convenient to make this calculation as simple as possible to make the comparison easier.
Table 3.5 shows how the heat generation would be divided between wood chip and oil 
fired boilers in different outside temperatures. The lowest sustainable (slumbering) 
output is supposed to be 20 % of the maximum (actually nominal) output that is 0.2 * 
1200 = 240 kW.
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The wood chips are supposed to contain moisture 40 % (wet basis). The annual 
efficiency of the wood chip boiler is expected to be 80 %, just like the one of the back-up 
boiler. According to above figures the wood chip boiler with an output of 1.2 MW would 
be able to produce 6028 MWh that is 86 % of the total (7006 MWh) production. 
Figure 3.11 shows the expected division of total heat production through the year. The 
division is based on average monthly degree-day data.
January February March
Average month
Augusl September October November December
Figure 3.11. Monthly division of heat production.
Figure 3.12 shows the division of heat production at different outside temperatures. The 
picture clarifies, why there were abrupt steps in figure 3.10: Each column represent a 
certain temperature and the corresponding heat generation. When it comes to higher 
temperatures, the columns have only one colour. It means that heat is generated either by 
the wood chip boiler or the oil-fired boiler. As one of these columns changes colour, it 
means that a considerable amount of heat is generated with the other boiler and the 
division of heat generation changes rather rapidly. If, for example, the minimum 
sustainable output of the boiler were 21 % instead of 20 %, the column at 13.5 °C would 
change from wood chips to oil, which would alter the wood chip boiler's share from over
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86 % to less than 85 %. The situation would remain constant with slumbering outputs up 
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Figure 3.12. Division of heat production in different outside temperatures.
As 6028 MWh is the expected amount of heat produced from wood chips annually, the 
average efficiency of the boiler is taken as 80 % and the average moisture content is 
expected to be 40 % (weight basis), the annual wood chip consumption is approximately 
10500 m3 and the diurnal consumption something like 50 m3 when the boiler is operating 
at its nominal output. Oil consumption is roughly 120 m3 per year. The lower heat value 
of wood containing 40 % water is close to 2.86 kWh/kg and the density of wood chips 
with the same moisture content is around 250 kg/m3 depending on particle size and wood 
species.
3.2.6. Feasibility study
The cost of the boiler plant has been estimated earlier. There are plenty of data available 
on costs of district heating pipe work installations. Unfortunately, the costs vary a lot 
from case to case. In this study, the unit prices,  /metre, are basically the same that were 
used in the previous study [16]. As those prices are from year 1998, they have been
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corrected upwards by 15 %. Table 3.6 shows the prices and the total cost of the district 
heating network.









































Estimated costs of the whole system are shown in table 3.7. Foundation work includes 
the water and electricity supplies. District heating pipe work includes the purchasing and 
assembling of the pre-insulated pipe modules and the excavation work. Heat measuring 
equipment is supposed to be installed in connection with every customer at a cost of 
2000 euros each. District heating sub-stations which include heat exchangers, pumps, 
valves expansion tanks etc. are taken into account in buildings that are owned by the 
municipality. Their cost is expected to be 7000 euros each.
Table 3.7. Estimated cost of the district heating network, VAT excluded.
Item
Boiler plant: 1.2 MW wood chips + 2.5 MW oil















The boiler plant and the district heating network would be purchased by the 
municipality. The same goes for DH sub-stations in buildings that are owned by the 
municipality. So this is what the municipality would have to pay for. After purchasing 
the heating system, the municipality would hand the boiler plant over a local energy 
service co-operative (or company), which would supply wood chips and operate the 
plant. The municipality would pay to the co-operative for all the wood-based heat the co- 
operative delivers to the district heating network. Once delivered in the network, the heat 
would belong to the municipality. From the network the heat would be delivered to 
consumers. As for the buildings that are not owned by the municipality, the price for heat 
would be significantly higher than the price the municipality pays to the co-operative. It 
would still be somewhat cheaper for the owners of the buildings than heating with oil. 
Selling heat to customers would bring money to the municipality. The part of the heat 
that would be delivered to buildings owned by the municipality would be sold with the 
same price that the municipality pays to the co-operative. This would mean that the 
owner of the buildings (the municipality) would save a lot of money by getting the heat 
much cheaper than before. The marginal price is the maximum price the municipality 
would be able to pay to the co-operative for wood-based heat delivered to the network so 
that the municipality would break even over the repayment period (in this case 20 years).
The procedure was to determine the marginal prices for produced and sold heat. Prices 
are compared to present costs resulting from heating with oil. The idea is that the 
municipality would be able to pay off the loan by instalments with the profit it makes by 
the savings in heating expenses and the selling of heat to other customers.
It has been supposed that maintenance or any other costs would not change substantially 
from their present level. Neither would the use of electricity change significantly.
Table 3.8 shows the results of the calculation. The concepts are explained below.
- Total investment cost includes all the foreseeable expenses related to purchasing 
the district heating system the municipality would have to pay for.
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Financial support is the assumed subsidy the municipality would get from the 
state. It is typically 15 % of the total cost excluding the district heating network 
and substations. In this case, though, it is 15 % for the boiler plant, foundation 
and DH pipework.
Repayment period is the time in which the investment is paid, payback period. 
Interest rate is the assumed rate of interest, on average, during the above period. 
Annual instalment is the part payment for the investment. 
Oil price is the assumed price of light fuel oil on average in the repayment 
period.
Heat production from wood chips is the assumed amount of heat that would be 
produced with the wood chip boiler. The municipality pays for this to the co- 
operative.
Heat produced from oil (the back-up boiler) is the assumed amount of heat that 
would be produced from oil in the coldest and warmest periods and when the 
wood chip boiler should be out of order or under maintenance. 
Heat loss to the ground is the energy that would be lost. The municipality pays 
for it to the co-operative but cannot charge it to the customers. 
Cost of oil (the back-up boiler) is the annual cost of purchasing oil for the back- 
up boiler with the estimated oil price. The efficiency of the back-up boilers is 
supposed to be 80 %. It is somewhat less than such boilers can achieve because of 
their relatively low degree of use.
Price of sold heat is the price the municipality would charge to those customers 
of heat that do not belong to the municipality. In this case it is 90 % of the price 
of heat generated with light fuel oil (85 % efficiency). Typically, it has to make 
economic sense for the consumers to join the system, so the heat needs to be 
cheaper when it comes from the network compared with oil or electricity. In its 
own buildings, the municipality would consume heat with the price it pays for the 
co-operative.
Marginal price of produced heat is the cost paid to the co-operative that would 
lead to same expenses as the present heating system with oil, provided that oil
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price would be, on average, what has been assumed and heat would be sold as 
estimated at the specified price.








Heat produced from wood chips
Heat produced from oil (the back-up boiler)
Heat loss to the ground
Cost of oil (the back-up boiler)
Price of sold heat



























The calculation of table 3.8 is shown in the Appendix, table II.
3.2.7 Sensitivity analysis
As the calculation is based on several estimations, some items have been studied more 
exactly. The effects of changing some values in the calculation can be seen in the 
following figures. Only one variable has been changed at a time. The first one is the 
price of oil: figure 3.13 shows how oil price alters the marginal price for produced heat. 
The price of sold heat remains 10 % cheaper than that produced from oil, so it changes 




Figure 3.13. Marginal price of produced heat against oil price, VAT excluded.
It can be seen that oil price of 0.36  /litre would make it possible to pay about 20  /MWh 
for produced heat. As the price of oil goes up, the marginal price follows linearly. 
Figure 3.14 shows the importance of the payback period.
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Figure 3.14. Marginal price of produced heat against repayment period, VAT excluded.
As can be seen in figure 3.14 if the period of repayment is between 16 and 17 years with 
an oil price of 0.34  /litre, the marginal price for produced heat is 20   /MWh. Figure 
3.15 plots the marginal price against the rate of interest.
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Figure 3.15. Marginal price of produced heat against the rate of interest, VAT excluded.
It can be noticed that an interest rate of 4.5 % would lead to 20  /MWh with an oil price 
of 0.34  /litre. Figure 3.16 brings out the significance of cost estimates. The financial 
support has been subtracted from the investment, so the capital cost stands for what the 
municipality would have to pay.
1300 1400 If 
Capital cost, 1000 €
Figure 3.16. Marginal price of produced heat against total cost with a subsidy 
of 15 % of boiler plant, foundation and DH pipe work, VAT excluded.
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3.2.8. Conclusions
At the time the study was carried out, 20  /MWh seemed to be a reasonable average 
price for heat produced from wood chips, in Finland. In larger boiler plants with bigger 
heat production the price may have been a bit lower and in the small ones (output less 
than 500 kW) it was often somewhat higher. In this study, it seems that the municipality 
would be able to pay around 22  /MWh, a pretty good price for a boiler plant of this size. 
It is, though, to be remembered that in the calculation interest rates were low, oil price 
rather high and the payback period was lengthy. All these things help to make the project 
seem viable. Twenty years is a long period, however, and many things can change during 
that time. Nevertheless, with the knowledge that was available at the moment the study 
was carried out, it would make economic sense for the municipality to purchase a wood 
chip boiler plant and a district heating network.
Finally, it should be pointed out that changing heating fuels from fossil sources to 
renewable ones is not purely a question of deriving profit. According to international 
agreements Finland, too, needs to cut down the use of fossil fuels and carbon dioxide 
emissions. This could be a step in that direction. It is obvious that in the future the 
government will have to change the taxation policy, so that using fossil fuels becomes 
less attractive compared to renewable ones. Moreover, it is to be remembered that a bio- 
fuel boiler plant brings a lot of work to the locality: If the wood chips are produced 
locally, it will certainly employ local people just like running the boiler plant. Not to 
mention that the considerable amount of money which at the moment is being paid to 
international oil companies could as well be paid to a local co-operative and local 
contractors.
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4. Development of a dynamic model for the sizing of a wood 
chip boiler
4.1 Introduction
To be able to evaluate the accuracy of the sizing method that is based on outside 
temperature durations, the degree-days, another method has been developed. Contrary to 
the degree-day method that does not involve information on when different outside 
temperatures prevail, this more dynamic method calculates the demand for heat for each 
building in the network for every hour of the test year. The idea is to simulate the 
buildings as heat consumers so that one could find the heat consumption profile for each 
building and, later on, combine separate heat consumption profiles to get information on 
how the district heating network operates as a whole.
The initial idea was that there would be one spreadsheet application which would be able
to calculate the division of heat consumption and combine the results of such
calculations of all the buildings that belong to the same district heating network. Later
on, it became evident that the capacity of the software would not allow handling so much
data simultaneously. That is why the procedure calculates the division of heat
consumption for each building separately. This is done with the sub-model introduced in
Chapter 4.2. The next model that, introduced in Chapter 4.4, includes the district heating
network, the capacity and limits of the wood chip boiler and the annual heat consumption
data of all the buildings that comes from the first sub-model. These two models,
introduced in Chapters 4.2 and 4.4, are linked by manual cut and paste of data across the
spreadsheets. The first model is required to get detailed data on the heat consumption of
each building and the other one studies the whole network including consumers and the
wood chip boiler as a district heating system on an annual basis. The third model,
introduced in Chapter 4.5, is not linked to the two above models. Of course, the same
initial data can be used regarding, for example, the DH network, but essentially the
approach is different. The model includes detailed information on the boiler plant and the
consumer sub-stations and it is suitable for modelling rather short periods, something
like a couple of hours. This is how it differs from the two above models that focus on the
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division of annual heat consumption. The modelling platform for all above models was 
Microsoft Excel 2002.
To find out the accurate heat consumption profile for any building would require 
extensive measurements for a long period of time. Therefore, this sort of information is 
normally not available. In the method that is presented in this work, below the starting 
point the annual heat consumption was known from experience and the peak load is 
known, as well. Furthermore, it is generally known that heat losses, on the one hand 
through the envelope and on the other hand through ventilation, are approximately 
proportional to the temperature difference between the exterior and the interior. And, 
thirdly, it is generally known that there are several heat gains in a building that cause 
heat liberation in the interior which, to a certain extent, reduce the need for heat from the 
actual heating systems.
The calculation procedure is based on the above mentioned facts. The weak point for the 
method is that detailed information on the structure and usage of the building is difficult 
to find. The more one uses general estimations instead of detailed facts the more 
inaccurate the method becomes.
4.2. Input data for the single building model
Below are listed data that the user needs either to find out or to estimate. Some items are 
considered constants, whereas some are supposed to vary. The actual calculation 
procedure is introduced later on.
4.2.1. Constant values
- Heat input for the heating system at the design temperature. (The peak load for 
radiators, floor heating or any other system to heat the building)
- Heat input for the ventilation system at the design temperature with full ventilation 
rate. (The peak load for pre-heating the supply air with full flow rate)
- Heat input for the ventilation system at the design temperature with reduced 
ventilation rate. (The peak load for pre-heating the supply air with reduced flow rate,
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typically when the outside temperature is very low or when the occupants are not 
present)
- The design outside temperature
- The supply air / exhaust air ratio
- The effectiveness of the heat recovery heat exchanger when the ventilation system 
operates at full flow rate
- Flow arrangement of above heat exchanger; cross flow or counter flow
- Inside temperature during the heating season
- Secondary side inlet and outlet temperatures of the domestic hot water heat 
exchanger
- Orientations of the facades of the building
- Window area for each I separately
- Shading angle of direct radiation for each I separately
- Radiation transmissivity coefficient of windows for each I separately
- Visibility coefficient between windows and the vault of sky for each I separately
- Reflectivity of ground
- Visibility coefficient between windows and ground for each I separately
- Latitude and longitude of the locality
- Proportion of heat liberated inside the building from domestic hot water consumption
4.2.2. Hourly varying values
- Operation hours of the ventilation system with full flow rate
- Operation hours of the ventilation system with reduced flow rate
- Consumption of domestic hot water
- Starting times and durations of three separate periods of domestic hot water 
consumption and their proportions of the total diurnal domestic hot water 
consumption
- Power dissipated by electric lighting and the sleeping and waking hours of the 
occupants
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- Power dissipated by any other device and the proportion of energy that is liberated 
inside the building
- Hours of attendance of the occupants
- Hourly output of any other heat gain
4.3. Calculation procedure of the single building model
The application has been intended to be used for a single building or a group of buildings 
that are located close to one another. It is not capable of calculating the annual heat 
consumption of the building or the group of buildings, the consumer of heat. On the 
contrary, it is supposed that the annual heat consumption is known. The function of the 
application is to determine the division of the known heat consumption so that one is 
able to see how much heat the consumer draws from the district heating network at any 
given hour. The total calculated consumption of heat needs to be equal to the actual heat 
consumption. Prevailing outside temperatures and incident radiation (direct, scattered 
and reflected) emitted by the sun in year 1979, which is the Finnish test year, are taken 
advantage of by the application. The measurements have been carried out by The Finnish 
Meteorological Institute at three localities. The application calculates all the weekdays 
(Monday - Friday) with the same way and weekends (Saturday - Sunday) with another 
way. For instance, schools and office buildings are typically not used in weekends. In 
residential buildings it may happen that occupants spend more time inside in weekends 
than in weekdays. Saturday and Sunday are, however, considered to be equal days.
4.3.1. Need for heat
Figure 4.1 illustrates the heat equilibrium in a building. All the heat that enters the 
building has to leave it approximately at the same time, if the inside temperature is to be 
constant. Heat is carried in through radiators, supply air and heat gains which may be 
either external or internal. Heat leaves the building because of conductive transmission 
and convective filtration through the envelope of the building and convectively with the 
exhaust air and hot water that gets in the drain. Part of the heat of the exhaust air is 
transferred to supply air if there is heat recovery in the ventilation system. Domestic hot 
water supply is concerned here as a heat gain. Heat is taken from the primary heating
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source for radiators, supply air heater (ventilation) and domestic hot water preparation. 
In the application, natural ventilation has been ignored: It has been considered negligible 







HEAT LOSS THROUGH 
EXHAUST AIR
EXTERNAL HEAT GAINS HEAT LOSS THROUGH ENVELOPE
Figure 4.1. Heat equilibrium in a building.
The need for heat and the heat gains are calculated on an hourly basis through the year, 
which leads to 8760 results. The need for heat is considered to be proportional to the 
temperature difference between the outside and inside temperatures so that the design 
heat input occurs at the design temperature and the need for heat ceases to exist as the 





q is the need for heat, kW
Ti is the inside temperature, °C
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Td is the design (outside) temperature, °C 
T0 is the prevailing outside temperature, °C 
qd is the design heat input, kW
The need for heat for the supply air pre-heating is calculated the same way. The flow rate 
of the ventilation may not have more than two different values, one of which is the full 
rate and the other one a reduced rate. The latter may as well be zero. Again, the need for 
heat is based on the difference between the outside and inside temperatures compared to 
the design heat input at the relevant flow rate.
The domestic hot water (DHW) consumption occurs rather momentarily and irregularly. 
As the calculation is carried out on an hourly basis, very short periods of DHW 
consumption cannot be dealt with. On the other hand, one is generally not able to say 
how the consumption varies in different buildings, without extensive measurements. In 
the application, there are a maximum of three separate periods, each of which last one 
hour, for the DHW consumption. One fills in how the total diurnal DHW consumption is 
divided into the aforementioned three parts. The input required for preparing domestic 
hot water is calculated for each of above periods as a mean input for a period of one 
hour:
q = n-V-p-cp -(Th -Tc } [4.2]
where
q is the average heat transfer rate for DHW preparation, kW 
n is the share of diurnal DHW usage for a given hour, % 
Vis the diurnal DHW usage, dm3
kz
p is the density of the DHW,  s-
dm
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kJ cp is the specific heat of the DHW,   —
Kg' Ls
Th is the temperature of the DHW, °C 
Tc is the temperature of the cold water, °C
4.3.2. Heat gains
4.3.2.1 Heat recovery
The major part of the heat a building needs comes from the heating system, but not all of 
it. There are several heat sources in addition to radiators and supply air which mainly 
account for heating. They are referred as to heat gains and they are useful as far as they 
do not exceed the need for heat.
Heat recovery from exhaust air to supply air is the most significant heat gain on an 
annual basis provided that a heat exchanger exists. To what extent does the temperature 
of the supply air rise due to heat recovery depends on the effectiveness of the heat 
exchanger. As the effectiveness at full flow rate ventilation is set in the input data, values 
for other ventilation rates can be calculated, according to [17] as follows, in a cross flow 
case:
[4.3] 
And in a counter flow case, according to [18] respectively:
C -~ 1 ~~ r^rv^'r/* ,_ XT s~* L J
where
e is the effectiveness of the heat exchanger.
Cr is the ratio of heat capacity rates in the primary and secondary sides so that 
whichever is greater is the denominator. The value varies thus between 0 and 1.
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U • A is the U-value of the heat exchanger, kW/m2°C, times the heat transfer 
area, m2.
kJ C^a is the smaller of the heat capacity rates of the heat exchanger, C-s
It is assumed at this point that the overall heat transfer coefficient remains constant and 
no phase change occurs in the heat exchanger. The density and specific heat of air are 
also supposed to remain constant. These simplifications have been resorted to in order to 
keep the calculations at a reasonable level. As most of the input data (including the 
effectiveness of the heat recovery system) is based on assumptions and average values, it 
is not reasonable to calculate some items precisely. Accurate calculation would require 
knowledge of the structure of the heat exchanger so that velocities and Reynolds 
numbers could be determined. Furthermore, Prandtl number and Nusselt number would 
have to be calculated, which would require knowledge of viscosity, density and thermal 
conductivity of air at different temperatures. All these calculations repeated 8760 times 
would take quite a lot of computing capacity compared to the advantage gained. As heat 
recovery along with changing ventilation flow rates is more an exception than a standard, 
its importance in this connection is relatively small. Essential is that the effectiveness 
goes up as the flow rates come down.
4.3.2.2 Solar radiation
There are some terms related to solar radiation that need to be discussed before the 
equations are expressed.
Altitude of the sun is the angle a direct ray from the sun makes with the horizontal at a 
particular place on the surface of the earth. For a given date and time, the altitude of the 
sun is different at different places on the globe.
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Azimuth of the sun is the angle the horizontal component of a direct ray from the sun 
makes with the true north-south axis.
Declination is the angular displacement of the sun from the plane of the equator of the 
earth. It varies through the year between 23.5 ° and -23.5 °.
Figure 4.2 clarifies concepts altitude and azimuth.
Figure 4.2. Altitude (a) of the sun and azimuth (z) of the sun.




d is the declination of the sun
n is the day number, starting from 1 on January 1 st .
[4.6]
67
The altitude is calculated as follows:
sine = sinZ,   sine? + cosZ,   cosd • COST [4.7]
where
a is the altitude of the sun 
L is the latitude of the location 
d is the declination of the sun
T is the hour angle, which is 0 when the sun is in the south and every subsequent hour 
increases its value by 15 degrees; preceding hours decrease its value from zero 
respectively
When calculating the hour angle sun time must be used instead of official time. It is 
calculated, according to [18] as follows:
<- = toff + 4- (Loline -Loloc )+ 60 + E + 60 [4.8]
where
tsm is the sun time (hours, minutes)
t0ff\s the official time in the time zone (hours, minutes)
Lottme is the longitude of the time zone
Loi0c is the longitude of the locality
E is the time difference, in minutes, which is calculated as follows:
E = 9.87   sin 2B - 7.53   cos B - 1.5   sin B [4.9]
where
£ = 360-(n-81)H-364 (in degrees) [4.10]
where
n is the day number, starting from 1 on January 1 st
68
In the application, direct radiation through windows is calculated according to the 
altitude of the sun. Orientations of the facades, window areas, shading angles and 
radiation transmissivity coefficients determine the amount of direct radiation. Recession 
of the windows has not been taken into account. The radiation transmissivity coefficient 
is considered a constant, even though the angle between the surface and incident rays 
does actually affect it. The effect of Venetian blinds and curtains has been ignored. 
Shading angles are considered constant for each I, even though they tend to change along 
with the position of the sun. It may also occur that shading is different in winter when 
trees are without leaves. These facts have been ignored, however, for the sake of 
simplicity. Figure 4.3 points out that the intensity of incident direct radiation (Iv) can be 
calculated geometrically if the altitude (a) and the deviation from the normal to the 
window (a) plus the incident total radiation (I) are known.
The component of direct radiation normal to a vertical window is:
Iv = I cos a cos n [4.11]
where
/v is the component of direct radiation normal to the window, W/m2




Figure 4.3. Calculation of intensity of direct radiation. 
Figure 4.4 clarifies the concept shading angle.
Figure 4.4. Shading angle for direct radiation.
Scattered radiation through windows is calculated practically the same way as direct 
radiation. The main differences are that visibility coefficients have been substituted for 
shading angles and the position of the sun has been ignored. It has been assumed that the 
intensity of the radiation from the vault of the sky is equally divided. This is not strictly
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true as the radiation tends to be more intense in that part of the sky which is close to the 
sun, but again it would lead to very complex mathematics if one tried to solve the exact 
amount of radiation passing through a particular window. And despite sophisticated 
mathematics, the result might be completely false if, for example, the occupant should 
adjust the slats of Venetian blinds in a different angle from what one had expected. 
Figure 4.5 clarifies the concept of the visibility coefficient. It is a percentage telling how 
well the vertical window can see the sky, 100 per cent means that there is nothing 
between the sky and the window, that is the angle is 90 °. In that case the intensity of 
scattered radiation incident to the window would be 50 % of what comes to a horizontal 
plane, since a vertical plane can only see 50 % of the vault of the sky.
Figure 4.5. Visibility coefficient for scattered radiation.
Reflecting radiation through windows is calculated practically the same way as scattered 
radiation. The main difference is that the radiation comes from the ground, not from the 
sky. There is a visibility coefficient between windows and the ground which determines 
how well the window can see the ground, that is reflecting solar radiation. It is rather 
difficult to determine geometrically the visibility coefficient, because it is not only the 
ground that reflects solar radiation; trees and buildings reflect it too. Moreover, it is 
evident that areas close to the window are more significant than distant areas, when it 
comes to solar radiation reflecting from ground to a particular window. That is why, in 
reality, the visibility coefficient needs to be estimated rather than calculated. Only if 
there seems to be nothing restricting the reflecting radiation from accessing the window,
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the case is simple: The visibility coefficient is obviously 100 %. In the application, the 
coefficient is constant for all the windows in the same I. Moreover, there is a reflectivity 
coefficient describing the nature of the ground. It is a constant, though it actually 
changes along with the season. For example, snow reflects radiation in a different way 
compared to grass. The reflecting radiation is of minor importance, however, and it 
would be more or less impossible to determine how the reflectivity coefficient changes in 
different places along the year as there are so many things that affect it.
4.3.2.3 Other factors
Illumination causes heat liberation in the interior. In the application, all the power that is 
consumed for illumination is supposed to be dissipated as heat and liberated inside the 
building. The lighting of the exterior needs therefore to be extracted from the total 
lighting power before feeding it in the application, which assumes that the illumination is 
on, with full power, if the sun is below the horizon and the occupants are present but not 
sleeping. As they leave the building, go to sleep or the sun rises, the lights go off.
Power dissipated by electric appliances, for example cookers or washing machines cause 
heat liberation in the interior. The heat gain depends on the power of the device and the 
proportion of energy that is liberated inside the building. If the device is located inside 
the building and it is not connected to the exterior, the major part, if not all of the energy 
it consumes, dissipates finally to heat. On the other hand, for example washing machines 
tend to store some part of the energy into hot water which they discharge in the drain.
How much heat occupants' metabolism causes depends on their activity, hi the 
application the amount is 60 watts per individual. That is a rather low value, but it is 
based on Finnish authorities' instructions. Only the sensible heat is taken into account.
As domestic hot water is consumed, some part of the heat is transferred to the interior. 
Which part stays in the interior and which leaves the building with the sewage depends 
on the purpose of use. It is obviously very difficult to define the proportion as it is a 
changing one. That is why it has been ignored in the calculations even though the user is
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able to feed a value in the application to represent the portion of heat that stays in the 
building. Should there be any other heat gain than described above in the building, the 
user may feed in times and wattages of its occurrence.
4.3.3. Heat input
The main question is how much heat does the building draw from the district heating 
system. The input is calculated on an hourly basis as the sum of demand for domestic hot 
water preparation and demand for heating and ventilation minus heat gains. So, the heat 
gains reduce the need for heat for heating and ventilation but they cannot be used in 
domestic hot water preparation. It is quite clear that heat gains reduce the need for heat 
of the radiator system, provided that the thermostatically operated radiator valves operate 
as they should. To what extent are the heat gains of use when it comes to the heat 
consumption of the ventilation system, depends on the automatic controller of the 
system. In the application, it has been assumed that the automatic control system tries to 
keep the inside temperature at its desired value, hi the heating period this will be taken 
care of either with the heating system or with the ventilation system. Accordingly, if heat 
gains exceed the need for heat from the radiator system, the automatic control system 
reduces the temperature of the supply air so that the inside temperature remains constant.
Depending on the size of the building, changes in the outside temperature do not affect 
the need for heat simultaneously as they take place. It means that the curve illustrating 
the need for heat is somewhat smoother than the one showing variations in the outside 
temperature. The time lag is typically not known. In the application, one may calculate 
the need for heat as an average of several hours. The total annual consumption remains 
the same but the changes occur more smoothly.
The heat the building draws from the district heating system at a given hour consists of 
the average heat demand described above and the heat needed for domestic hot water 
preparation. These two values of every hour of the year are transferred to the application 
which adds up the heat demands of separate buildings.
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4.4. Calculating the heat demand of a small district heating system
The function of the application is to add up the separate heat demands of the buildings 
that are connected to a district heating network. It also calculates the heat loss from the 
pipe work to the ground so that one is able to see what output is required from the boiler 
plant at any given hour. In this application, too, the output is calculated on an hourly 
basis. Not more than 20 buildings or group of buildings can be dealt with the application. 
The final objective is to find out which portion of the heat production could be carried 
out by the wood chip boiler and how much heat would be produced by the (oil-fired) 
back-up boiler.
Below are listed data that the user needs either to find out or to estimate. The actual 
calculation procedure is introduced later on.
4.4.1. Input data
- Not more than 8 different pipe sizes in the district heating (DH) network
- Total length of each pipe size
- Thickness of the insulation of different pipe sizes
- Thermal conductivity of above insulation
- Thickness of the plastic j acket on the insulation of different pipe sizes
- Thermal conductivity of the plastic j acket
- The vertical distance between the centre line of the pipe and the ground
- Thermal conductivity of the ground layer ambient the pipe
- The highest outside temperature the buildings require heating
- The supply district heating water temperature at above outside temperature (i.e. the 
minimum temperature for DH supply water)
- The design outside temperature of the locality
- The supply water temperature at above outside temperature (i.e. the maximum 
temperature for DH supply water)
- The maximum output of the wood chip boiler
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- The lowest sustainable output of the wood chip boiler
- Period of year when the wood chip boiler is not in operation
- The impact of the heat loss on the supply water temperature (the final supply water 
temperature is less than the initial one, the mean value is used in heat loss 
calculations)
- The return water temperature
4.4.2. Calculation procedure
The temperature of the supply water is supposed to vary linearly according to the outside 
temperature. When the outside temperature is at the design temperature (set by the user) 
or below it, the supply water temperature reaches its highest value (set by the user). As 
the outside temperature is elevated, the supply water temperature comes down linearly 
until the outside temperature at which the building ceases to need heat (set by the user) 
has been reached. From that point on the temperature of the supply water remains 
constant. It needs to be high enough for domestic hot water preparation.
The heat loss from the pipe work to the ground reduces the temperature of the supply 
water, just as it does to the return water as well. Because the heat loss depends on the 
temperature of the fluid and the temperature in turn depends on the heat loss, it is not 
possible to find an algebraic solution for the temperature of the fluid. In fact, 
temperatures are not the same in different parts of the network. In the application, the 
problem is dealt with by assuming that the average supply water temperature is a couple 
of degrees lower than it is at the boiler plant. The user may fill in a coefficient for the 
calculation of the aforementioned temperature difference. The heat loss is not constant 
and neither is the reduction in temperature due to it. When the heat consumption is high 
and the flow rates, too, the temperature of the fluid does not undergo a reduction to such 
an extent as it does when the fluid is hardly flowing at all.
The temperature of the return water is even more problematic. In order to be able to 
determine it, the heat exchangers and the whole district heating network should be 
modelled. And the calculation on an hourly basis would not give correct results as the
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consumption of domestic hot water occurs rather occasionally and, on the other hand, the 
pipe work acts as an accumulator: The average temperature in the return pipe is not 
necessarily the same as the average temperature of the return flows from the heat 
exchangers at any given moment. However, the annual heat loss from the network to the 
ground is typically 10 to 20 % of the total heat output. Some two thirds of it occur from 
the supply pipe which is at a distinctively higher temperature than the return pipe. So, the 
heat loss from the return pipe is around 5 % of the total output. Even if its average 
temperature was estimated somewhat incorrectly, the deviation would be rather small, 
though.
The temperature of the ground follows the outside temperature. It is obvious, though that 
there is some kind of thermal inertia and rapid changes in the air temperature do not 
affect simultaneously the ground temperature. For example, snow cover reduces the heat 
transmission from the ground to air. On the other hand, windy weather may accelerate 
the cooling of the ground. Therefore, it is difficult to say exactly what the time lag is in 
different situations. In the application, the ground temperature is an average of the 
outside temperature of 24 preceding hours.
Thermal resistance of the pipe consists of insulation thickness on the pipe, its thermal 
conductivity and the thickness of the plastic jacket on the pipe and its thermal 
conductivity. The resistance of the steel pipe is considered negligible. The thermal 




RE is the thermal resistance of the insulated pipe, W
W
t is the thermal conductivity of the insulation material,
ffl ' \*s
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Dp is the outside diameter of the pipe (without insulation), m 
// is the thickness of the insulation cover on the pipe, m
Wk, is the thermal conductivity of the plastic jacket,    m-°C
A is the outside diameter of the insulation (without jacket), m
lj is the thickness of the plastic jacket on the insulation, m
The thermal resistance of the ground is calculated, according to [18] as follows:
2-X'kg
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Ru is the thermal resistance of the ground, 




DI is the outside diameter of the pipe (with insulation), m
lg is the vertical distance between the centre-line of the pipe and ground surface, 
m
The U'-value including both the resistance of jacketed insulation and the 




U' is the overall heat transfer coefficient per metre of pipe,  
rrl * \^




RM is the thermal resistance of the ground per metre of pipe,
As the maximum output and the lowest sustainable output of the wood chip boiler have 
been defined and the application calculates the hourly inputs to the network, it can be 
seen how many hours per year the heat demand is beyond the operational range of the 
wood chip boiler. This is not, however, the result of the calculation. A wood chip boiler 
is very difficult to use if the heat demand lasts only a couple of hours at a time. In the 
application, if the heat demand remains for 4 hours below the lowest sustainable output 
level or the average output during more than 4 hours is not more than 75 % of the said 
level, the heat production of the wood chip boiler ends. There will have to be a period of 
24 hours during which the average output is not less than the minimum sustainable 
output plus 25 % and the lowest momentary output during the same period is not less 
than the minimum sustainable output minus 25 % before the wood chip boiler is taken 
back into operation. The justification of the above figures is discussed in Chapter 5.7.2. 
It is also possible to determine a period when the wood chip boiler stays completely out 
of operation. By using the graphs illustrating the monthly heat demand the user is able to 
see if there is a period when using the wood chip boiler would be too laborious. In 
general, it is more or less impossible to set strict rules for defining in what kind of 
conditions the wood chip boiler could be used. Eventually, it depends very strongly on 
the operator of the plant and the fuel that is available. It is known from experience that 
extremely dry wood fuel is not suitable when the output is low; back-fires tend to cause 
trouble. As for the operator, if one is prepared to go to the boiler plant several times a 
day, it is possible to keep the wood chip boiler running almost year round. Many 
operators find that too troublesome compared with the gain, and they switch the wood 
chip boiler off as the demand for heat declines to a certain level.
4.5. The model of the operation of the boiler plant and the district 
heating network
As the previous application can be used in determining the division of annual heat 
consumption on hourly basis, it is not able to deal with momentary variations in the
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system. Yet it is known from experience that the most difficult situations occur when the 
need for heat varies rapidly. What kind of problems can be expected and how could they 
be taken into account are crucial questions. For example, it is known that the district 
heating network acts as an accumulator but what is the significance of that. Should it be 
taken into consideration when sizing the boilers or some other equipment in the heating 
system? What kind of fluctuations in the temperatures or the rates of the flows can be 
expected and how should they be dealt with?
The application for modelling the short-term operation of the district heating network 
and the boiler plant is able to simulate virtually all the things of any importance in the 
system. Therefore it can be used in surveying changes in any part of the heating network, 
given that certain simplifications may reduce its usability. It is possible to determine the 
boilers to be connected in parallel, when all the flow goes through the wood chip boiler if 
its capacity is sufficient for the heat demand. Only when its capacity is not big enough 
the two-way valve before the back-up boiler starts to open letting part of the flow pass 
the wood chip boiler. The other alternative is that the boilers are connected in series. It 
means that all the water flows firstly through the wood chip boiler and then through the 
back-up boiler. If the temperature after the wood chip boiler is below the desired value, 
the back-up boiler elevates it. Otherwise it just lets the water flow through.
4.5.1. The confines of the model
The calculation procedure is rather complex and it takes quite a lot of computational 
capacity. There are 240 time steps during which each of the variables are calculated. The 
equations for calculating the temperature of the district heating water are placed on a 
spreadsheet on a stepped way so that each time step starts one column right from the 
previous one. As there are limited number of columns, the number of time steps has had 
to be limited respectively. So the period of simulation is rather short: Depending on the 
time step it is something like a couple of hours. As it takes some time to get the system 
in to a state of balance, when only minor changes occur, the effective simulation time is 
less than the total calculation time. It is possible though, to simulate a period of several 
hours if no major changes in the heat consumption occur in that period.
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The geometry of the district heating (DH) network in the application is fairly simple, so 
one obviously needs to simplify the actual network somewhat before feeding in details of 
it: There are not more than four nodes, and not more than three consumers can be 
connected to each of them. In addition to this, a branch pipeline can be connected to 
three of the above nodes and three consumers can be connected to the other ends of the 
branch pipelines. That makes a maximum of 21 consumers in a maximum of seven 
different nodes altogether. Just as it was possible in the previous application, it is also 
possible here to make bunches of separate buildings that are located close to one another, 
so that the actual amount of buildings may exceed 21. Figure 4.6 shows the geometry of 
the network and the parallel connection of the boilers and figure 4.7 with series 
connection respectively. Si to 84 are nodes in the supply line and RI to R4 in the return 
line respectively. Heat exchangers and by-pass lines can be seen between nodes S4 to ILj 
as there are three sub-stations each of which containing three heat exchangers. Similar 
installations exist between other six node pairs even though they are not visible in figures 
4.6 and 4.7.
Figure 4.6. Diagram of the boiler plant and district heating network, boilers connected 
in parallel. Complete consumer system shown between nodes S4 and R4 only.
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Figure 4.7. Diagram of the boiler plant and district heating network, boilers connected 
in series. Complete consumer system shown between nodes S4 and R4 only.
4.5.2. The district beating system
Heat is generated in the boiler plant and delivered to customers via the network. All the 
customers (i.e. buildings) are equipped with sub-stations which incorporate heat 
exchangers and other necessary equipment for heat transfer from the district heating 
supply water to radiators, ventilation supply air heaters and domestic hot water. The flow 
rate in the primary (district heating) side of the heat exchanger is regulated by a control 
valve so that the out flowing temperature in the secondary side is at desired temperature. 
Figure 4.8 shows the basic connection of two heat exchangers, one of which is for the 
radiator system and the other one for domestic hot water preparation. This is a simple 
connection as there are only two heat exchangers which are connected in parallel. There 
could as well be a third one for the ventilation system (supply air heating) and the 
domestic hot water heat exchanger could be connected partly in series with some other 
heat exchanger so that cold water would be pre-heated before entering the actual 
domestic hot water heat exchanger. In the application, though, all heat exchangers in any 
sub-station are connected in parallel.
Figure 4.9 shows more in detail a sub-station with two heat exchangers: One for the 
radiator system and the other one for domestic hot water. There is also a circulation
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system in the secondary side of the domestic hot water heat exchanger. Its purpose is to 
keep the domestic hot water pipes filled with hot water all the time so that one gets 
instantly hot water from the faucet without having to wait until the cooled water has been 
drained and hot water arrives at the faucet.
Figure 4.10 gives an idea of the control system for heating or ventilation. In both cases 
the secondary side out flowing temperature is controlled by a control valve in the out 
flowing (return) primary flow. The set point for the secondary side temperature is 







Figure 4.8. A simple heat exchanger connection.
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Secondary side (radiators) network
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Primary shui-olT valve
Figure 4.9. A consumer sub-station with two heat exchangers.
Figure 4.10. Supply water temperature control.
4.5.3 The operation of the model
The application needs basic information on the consumers of heat: Sizing of heat 
exchangers, design heat inputs, the location of the building in the network etc. Some
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information on the DH network is required: Pipe sizes, distances between the nodes, 
insulation on the pipe work etc. In addition to that one needs to define the outside 
temperature and the ground temperature plus details on heat consumption in the 
simulation period of each consumer separately.
All the foregoing facts relate to heat distribution or consumption. In the application, also 
heat production has been included in the system. There is a wood chip boiler and an oil- 
fired boiler in the plant. One needs to fill in information on the capacities and volumes of 
the above boilers and valves and automatic control equipment in the plant. Boilers can be 
connected either in parallel or series.
The calculation procedure is that each variable is solved based on initial data that has 
been fed in. As most of the variables depend on other variables (e.g. a given heat output 
can be produced with an infinite combination of temperature differences and flow rates), 
algebraic solutions cannot be found. That is why the calculation procedure is iterative: 
The application uses the trial and error method to find an equilibrium between the 
variables. An increase in the heat consumption leads to growing flow rates and when the 
desired input has been reached, the flow rate remains steady until either the heat 
consumption or the incoming flow temperature changes.
The time step determines the accuracy of the calculation. If every variable is at its 
desired value, all the adjusting devices remain stationary until the equilibrium ceases to 
exist. That kind of situation occurs very rarely. Normally there are deviations between 
the desired values and the actual ones. The application tries to remove the deviation by 
regulating the relevant device, e.g. by opening or closing a valve, increasing or reducing 
the output of the boiler etc. All the changes the application does to the regulating devices 
(except for increasing or decreasing the output of the wood chip boiler) take place at a 
constant rate. That is why a long time step causes trouble: Even a small deviation may 
become a huge one if the regulating device operates over a long period without the 
controller checking the situation. No sooner than at the following calculation step will
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the application notice that the deviation has increased. It will then try to eliminate it even 
more effectively which leads to repeated over- and undershoots called cycling. By setting 
the calculation step short, one can see that regulation devices tend to act smoothly and no 
cycling exists. The main drawback is that short calculation steps lead to a short 
simulation period because there are only 240 calculation steps to be used. Another way 
to reduce cycling is to set the regulating devices rather slow so that they will not be able 
to change the situation a lot even if the time step is lengthy. That kind of arrangement is 
useful if there is not much variation in the heat consumption during the simulation 
period.
In the DH network, flow rates and temperatures are constant during each calculation 
step. New temperatures are calculated at every calculation step based on heat loss to the 
ground and mixing flows. Flow rates are calculated according to positions of control 
valves and the resistance of flow in the network.
4.5.4. Input data
The user feeds in following information on the system.
4.5.4.1 Heat consumers
- Design values (inflow and outflow temperatures, pressure drop, heat transfer rate) for 
every heat exchanger in the system. The actual heat transfer rates at the design 
temperature are supposed to match with heat exchanger design values.
- Heat input for the supply air pre-heating at the design outside temperature with 
reduced ventilation rate (if a reduced ventilation flow rate is available)
- Pressure drop (with the design flow) of the pipes connecting the heat exchangers to 
the nearest node. Pressure drops with other flow rates are calculated based on that 
pressure drop is proportional to the square of the flow rate.
- Potential by-pass flow at sub-stations with a given pressure difference. By-pass flow 
depends on the available pressure difference across the by-pass line which, in turn, 
depends on the flow rate in the network because pressure difference at the boiler 
plant is kept constant. Thus, when the flow rate in the network is close to zero the 
pressure difference generated by the pump is almost completely available for the by-
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pass line. When the flow rate increases, pressure drop in the network goes up, too, 
and the available pressure drop for the by-pass line decreases depending on how far 
the place is from the boiler plant.
- The time it takes the control valve stem to move from one extreme position to the 
other one if the automatic controller is not reducing its rate. A separate valve for each 
heat exchanger. Motorized valves tend to move rather slowly to avoid growing 
oscillation, cycling, in the control system. In the application it is even more 
important not to make the control valves to move too fast, particularly if the time step 
is lengthy.
- Periods of heat consumption: Starting and ending moments and consumption rates 
for not more than two separate domestic hot water consumption periods per 
consumer; starting moment for heating and starting moment for ventilation with full 
and reduced flow rate. It is not recommended to make many changes in the heat 
consumption rate at one calculation period because the effects tend to get mixed and 
it is difficult to see what actually results from a given change. It is advisable to let 
either heating and ventilation or domestic hot water consumption stay constant 
during the calculation period and make a few changes to the other one.
4.5.4.2 District heating network
- Distances between the nodes in the network
- Pipe sizes between the nodes. The application does not size pipes, the user needs to 
select the pipe diameters beforehand. Naturally, they can be changed if it seems 
reasonable.
- Pressure drops between the nodes with design flow rates. Pressure drops with other 
flow rates are calculated based on that pressure drop is proportional to the square of 
the flow rate.
- Thickness of the insulation of different pipe sizes. There are several thicknesses 
available. They also tend to relate to the pipe diameter so that large pipes have 
thicker insulation than small ones. The user needs a catalogue from a manufacturer 
to fill in the thicknesses.
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- Thermal conductivity of above insulation. When it comes to resistance to heat 
transmittance, only the resistance of the insulation and ambient ground are taken 
into account. Neither the steel pipe nor the plastic jacket on the insulation are 
included in the calculations. Their significance has been considered negligible at this 
point.
- The vertical distance between the centre line of the pipe and the ground. This relates 
to the resistance to heat transmittance from the fluid to air.
- Thermal conductivity of the ground layer ambient the pipe. This relates to the 
resistance to heat transmittance from the fluid to air.
4.5.4.3 The wood chip boiler
- The maximum output. It is known that the maximum output of a boiler depends not 
only on the structure of the boiler but also on the quality of the fuel. Notably moisture 
content of chips determines the output that can be reached. The user needs to 
consider what sort of fuel could be available and what output could then be achieved.
- The minimum (sustainable) output. When it comes to the output, it is evident that 
there is a limit for the combustion rate that the boiler can sustain. If the rate goes 
below that limit the boiler is not able to increase its output again but the flames will 
die. The calculation procedure does not let the output of the wood chip boiler go 
below the limit which is set by the user.
- The volume of the water space of the boiler. The calculation does not take into 
account any kind of stratification in the temperature of the boiler water. It is thought 
that flow in the water space of the boiler is sufficient for complete mixing so that 
temperature is equal all over the boiler.
- The biggest possible increase in the output when the boiler operates at its minimum 
output as the starting point and when the boiler operates close to its maximum output 
respectively. It has been assumed at this point that a wood chip boiler is able to 
increase its output faster if the initial output is relatively high compared to a 
situation where initial output is low and, thus, the combustion chamber is rather 
empty and temperature in the chamber pretty low. The calculation presumes that the 
ability to increase the output (kW/minute) is linearly proportional to the initial
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output. The user has to estimate the slope of the correlation, it may as well be a 
horizontal line. The same goes for decreasing the output: The calculation presumes 
that it is more difficult to drop the output if the boiler is operating at full power 
compared to a situation where the output is initially low. Again, the user has to make 
the decision about the correlation between the boiler's ability to decrease output and 
the initial output.
The biggest possible decrease in the output when the boiler operates close to its 
minimum output as the starting point and when the boiler operates at its maximum 
output respectively.
The desired value for the boiler water temperature. Boiler water temperature is quite 
often kept constant in spite of fluctuations in the need for heat. There is a motorised 
valve that mixes cooled return water with the supply water if the supply water 
temperature shall be at lover temperature than the boiler water. 
Three coefficients that determine how effectively the controller tries to eliminate the 
deviation in the boiler water temperature. There is always some kind of deviation 
between the desired and actual value. In general, the bigger the deviation the faster 
the automatic control system tries to eliminate it. In real installations the control is 
taken care of by a PID controller. In the application there is a controller that acts 
like a PI controller, so it reacts faster if the deviation is bigger and it tries to remove 
the deviation completely. Still, it is not a real PI controller and the coefficients are 
not transferable to a real installation.
Two coefficients that determine how the thermal mass of the boiler is taken into 
account. // is extremely difficult, without extensive measurements, to say how long it 
takes before the output of the boiler really starts to change after the automatic 
controller wishes it to do so. Moreover, it is evident that the rate of change is not 
constant even if the controller is trying to make a major change in the output. 
However, it might be interesting to see what the result would be with different 
thermal masses. Even though the user does not know the behaviour of the boiler in 
this respect, he might get an idea of the significance of the thermal mass by 
experimenting with different coefficients that have an impact on the inertia of the
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boiler in the calculations. It is also possible to leave the inertia out of the 
calculations completely.
4.5.4.4 The oil-fired boiler
- The output of the burner. In the application, the output of the oil-fired boiler is not 
modulating but it is under on/off control.
- The volume of the water space of the boiler. The calculation does not take into 
account any kind of stratification in the temperature of the boiler water. It is thought 
that flow in the water space of the boiler is sufficient for complete mixing so that 
temperature is equal all over the boiler.
- The desired value for the boiler water temperature. There is an automatic control unit 
that exercises control over the oil burner. It tries to maintain the boiler water 
temperature at its desired value.
- The set point for the boiler water temperature that makes the burner to start. As the 
boiler water temperature goes below its desired value, the burner does not start 
immediately. Only when a given temperature is reached, the boiler starts and 
remains in that condition until the desired value has been reached.
4.5.4.5 The regulation of supply water
- The time it takes the three-way-valve stem to move from one extreme position to the 
other one if the automatic controller is not reducing its rate. The function of the three- 
way valve is to mix hot boiler water and cooled return water so that supply water 
entering the network is at its desired temperature (which depends on outside 
temperature). In the application, there is no PID- or any other control that would 
take into account the deviation in the supply water temperature from its desired value 
and increase the speed of the valve movement if the deviation is large. The valve stem 
is simply moving at a constant rate as long as the desired value has been reached. 
The movement is typically rather slow: In real installations it may take 20 to 30 
minutes to move the stem from one extreme position to the other one.
- The shape of the characteristic curve of the three-way valve: either linear or equal- 
percentage. In the application both ports of the valve need to have the same type of
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characteristic, so it is not possible to set one port as a linear one and the other as an 
equal-percentage.
The pressure drop in the wood chip boiler and its pipe work, with the design flow 
rate. Certain pipes and fittings are only for the wood chip boiler, when the boilers 
are connected parallel. The user needs to find out or estimate the pressure drop in 
these pipes and fittings with a given flow rate. With other flow rates the pressure 
drop is calculated based on the fact that pressure drop is proportional to the square 
of the flow rate.
The pressure drop in the pipe work that is common to both boilers, with the design 
flow rate. When the boilers are connected in series, all the pipes and fittings serve 
both boilers. If there is a parallel connection, only some pipes and fittings serve both 
boilers. The user needs to find out the pressure drop in these pipes and fittings with a 
given flow rate.
The pressure drop in the boiler circuit port of the fully open three-way valve in 
relation to total pressure drop in the circuit that is regulated by it, with a given flow 
rate, called the authority of the valve. The authority is considered important for a 
control valve: In practice it means that there needs to be rather big a pressure drop 
over the control valve even if it is fully open. If there is not enough authority in the 
control valve, the regulation becomes unstable. The drawback with a high authority 
is that it causes excess pressure and, thus, pumping costs increase. A typical 
authority of a control valve regulating the temperature of the supply water is around 
50%.
The set point for the difference between the desired and actual values of the supply 
water temperature that starts to open the two-way valve and lets the oil-fired boiler 
take part in heat production. This is only for parallel connection; in series connection 
all the flow goes through both boilers and there is no two-way valve between them. 
When the back-up boiler has been disconnected from the system with a motorised 
valve, it is a common practice that the motorised valve is only let to open if the 
difference between boiler water (or supply water) desired temperature and the actual 
value becomes rather large, otherwise the back-up boiler tends to disturb the control
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of the wood chip boiler. It is a fact that there is almost always some kind of 
fluctuation in the wood chip boiler water temperature. Only when the wood chip 
boiler is clearly not capable of generating enough heat to meet the needs should the 
back-up boiler start to back it.
The time it takes the two-way-valve stem to move from one extreme position to the 
other one if the automatic controller is not reducing its rate. Only for parallel 
connection. The stem travels at a constant rate. If the rate is too high, the control 
becomes unstable. In real installations the time from fully open to fully closed or vice 
versa is something like 15 to 20 minutes.
The shape of the characteristic curve of the two-way valve: either linear or equal 
percentage. Only for parallel connection.
The authority of the two-way valve. Only for parallel connection. Just like with the
three-way valve, the pressure drop across the fully open control valve needs to be
around 50 % of the total pressure drop in the circuit to ensure good controllability.
The flow rate through the fully open two-way valve in relation to the total flow rate
in the boiler circuit. Only for parallel connection. When the two-way valve is fully
open, part of the boiler circuit flow goes through the back-up boiler, and the rest
through the wood chip one. The closer the valve gets, the bigger portion flows
through the wood chip boiler. The division of flow in the fully open situation is a
design value that depends on the capacities of the boilers. In practice, the desired
division is reached by installing manually adjustable control valves near the boilers.
The pressure difference between the supply and return lines at the boiler plant that
the automatic control system keeps steady by adjusting the rotation speed of the
pump. This is the simple and typical way to carry out control over the district heating
pump. There is a frequency converter that keeps the pressure difference between
supply and return pipes at its desired value in spite of fluctuations in the total flow
rate. More advanced would be to measure the pressure difference for instance at the
end of the network or, even better, in the middle of the network. That kind of
arrangement would, though, involve data transfer from the measuring point to the
boiler plant where the control unit typically exists. That is why the most simple
alternative is quite often chosen. It has been chosen for this application, too.
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4.5.4.6 The conditions
- The outside temperature during the simulation period. As the simulation period is a 
few hours at the most, the outside temperature is constant through it.
- The ground temperature. The same that was said about the outside temperature goes 
for this one, too.
- The calculation step. If the user is trying to find out e.g. what the temperatures in 
different parts of the network are after a very steady period (night), rather long 
calculation steps can be used. The step can be something like two minutes which 
leads to a simulation period of eight hours. If, on the other hand, the user wants to 
see how the wood chip boiler acts when rapid changes in the heat demand occur, the 
calculation step needs to be in the region of 10 to 15 seconds which leads to a 
simulation period of 40 to 60 minutes. The shorter the step the easier it is to keep the 
calculations in control. Too long a step may cause growing fluctuation that the 
iterative calculation method cannot handle but all the cells become filled with error 
messages.
- The highest outside temperature at which the buildings require heat. This is for 
creating the correlation between outside temperature and supply water temperature.
- The outflowing supply water temperature at above outside temperature. Even if the 
buildings do not need heat for space heating or supply air preheating, they need, 
occasionally, domestic hot water. It is prepared in a heat exchanger that is located 
somewhere in the building. Cold tap water flows through the secondary side of the 
exchanger and becomes domestic hot water. In the primary side of the heat 
exchanger flows district heating water. It needs to be hot enough to heat the cold 
water in the secondary side to its desired value, which in Finland is 55 °C. So the 
primary flow supply temperature shall not be less than around 70 °C depending on 
the sizing of the heat exchanger.
- The design temperature of the locality. This is for creating the correlation between 
outside temperature and supply water temperature, which is at its highest 
temperature at the design outside temperature. If the weather gets even colder, the 
supply water temperature remains at its maximum.
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- The out flowing supply water temperature at above design temperature. This is the 
highest temperature for the supply water, in Finland typically 100 to 115 °C 
depending on the sizing of the heat exchangers.
- Initial temperatures in separate nodes in the network. As the simulation period is 
relatively short, it makes sense to calculate beforehand temperatures in different 
parts of the network by using longer time steps and constant flow rates. These values 
can then be used as initial values for a simulation period with short time steps.
- Initial positions of control valves. The same goes for this: it is advisable to calculate 
beforehand the initial values for control valves in different sub-stations, so that the 
system is easy to get in a state of balance quickly when a short simulation period 
starts.
- Initial combustion rate of the wood chip boiler. // is a good idea to try what output 
corresponds with the need for heat plus the heat loss and use that value as an initial 
one when the short simulation period starts so that no valuable simulation time is 
lost for getting the system in an equilibrium.
4.5.5. Calculation procedure
The initial positions of control valves, the combustion rate of the wood chip boiler and 
flow temperatures at different points in the system have either been set by the user or are 
approximated by the application. To get the system in a state of balance (when only 
minor variations occur) quickly, requires typically several simulation periods so that the 
user will find the most suitable initial values. It is no use trying to solve several problems 
at one simulation period. The application is most useful when only a couple of changes 
in the heat consumption occur in the simulation period. There will then be enough time 
to get the system adequately in a state of balance before the first change takes place and 
enough time left to see how the change affects the system and how the deviations level 
off, if they do at all.
The starting point for the calculation comes from the need for heat by the consumers. As 
the heat consumption both for radiator and ventilation systems is supposed to be 
proportional to the outside temperature, the application calculates the heat demand for
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each consumer based on design temperature, actual outside temperature, design input and 
starting moments in the simulation period. The application does not include the 
secondary side of the heating system, that is radiators and coils of the ventilation system. 
The return temperatures of the secondary side are supposed to be proportional to the 
outside temperature as will be discussed later.
The application calculates whether the actual consumer's input matches with the required 
one. If it does, nothing will be changed, but if it does not, the application adjusts the 
relevant flow rate by altering the position of the stem of the control valve (at the sub- 
station) so that the required input will be delivered. As heat exchangers are concerned, 
heat transfer depends on the mass flow, temperature difference between the inflow and 
outflow of the primary side and the specific heat of the fluid. The inflow temperature of 
the primary side as well as both temperatures of the secondary side are known but the 
outflow of the primary side depends on heat transfer rate in the heat exchanger which, in 
turn, depends on the effectiveness of the heat exchanger. To solve the effectiveness, 
several intermediate calculations will have to be carried out.
The flow rates through the heat exchangers plus the by-pass flows determine the total 
flow rates at different points of the network. As the diameters of pipes are known, the 
velocities can be calculated, hi the supply lines, it is only the heat loss to the ground that 
affects the temperature of the flow once it has departed the boiler plant. In the return line, 
the main factor is the mixing of flows from separate sub-stations.
4.5.5.1 Properties of water
The specific heat capacity and the density of water are calculated according to the 
temperature. As neither of the above properties are linearly proportional to the 
temperature, equations to approximate these values have been established. When it 
conies to specific heat, there are actually two equations; one for temperatures above 
30 °C and one for temperatures below that point. The temperature range for the equations 
is from 0 °C to 130 °C which is sufficient for heating systems. Figure 4.11 shows how
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the approximation of specific heat goes with initial values from literature and figure 4.12 
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Figure 4.12. The approximation of the density of water.
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4.5.5.2 Heating system
Figure 4.13 explains the operation of the heating (radiator) system. It is a block diagram 












' ———— , ————— . ll








» i —— 
13. primary
I
























Figure 4.13. Heating system.
1. Outside temperature is set by the user. It is the temperature of the ambient air.
2. Design temperature is set by the user. It is the outside temperature that results in 
full heating input.
3. Design input is the input (in kilowatts) that is required to keep the building warm 
when design outside temperature takes place.
4. Period of time relates to relevant calculation step. The time step is set by the user 
and there are 240 calculation steps. The user decides at which calculation step the 
heating demand starts.
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5. The heating is either on or off depending on the starting moment described 
above.
6. Desired heat input is based on outside temperature, design temperature, design 
input and, naturally, whether the heating is on or not. Figure 3.3 in Chapter 3.1.1 
shows how the desired heat input varies along with outside temperature.
7. Secondary side heat capacity rate is a constant. It is the result when the mass 
flow rate is multiplied by the specific heat of the flowing liquid. As both the flow 
rate and the temperature of it are supposed to be unvarying, no changes in it 
should take place.
8. Secondary side return water temperature is a constant. It is the temperature of the 
flow that returns from the radiator network to the heat exchanger. The secondary 
side network is supposed to be so large that the return temperature remains 
constant even if the supply temperature is cycling somewhat. Figure 4.14 shows 
how the return water temperature varies along with outside temperature. The 
design temperature is -25 °C and as the outside temperature rises above 15 °C no 
heat is needed. At that particular temperature the return water temperature is 
close to room temperature: 20 °C and at the design outside temperature it is 
40 °C. In reality, the relation between outside temperature and secondary side 
return temperature is not quite linear. It means that the line in figure 4.14 should 
be somewhat curved upwards. Depending on the radiators, a linear relation gives 
a few degrees too low return water temperature at the middle of the range. But as 
the heating system in the building is not included in the model, linear 
approximations are satisfactory. Important is that secondary side temperatures are 
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Figure 4.14. Secondary side return water temperature against outside temperature.
9. Design values are the temperatures of the secondary side return water at the 
design outside temperature and the outside temperature where need for heat 
ceases to exist respectively.
10. Regulating valve position tells whether the control valve regulating the primary 
side flow through the heat exchanger is close, open or something between. It may 
have values between 0 and 100 %. It is supposed that the flow rate at a given 
pressure difference is directly proportional to the position of the valve.
11. Design pressure difference tells what pressure difference is required so that the 
flow through the fully open valve is exactly the designed one (at the design 
temperature).
12. Available pressure difference is calculated by taking off all the pressure drops in 
the district heating network and the sub-station from the pump head at the boiler 
plant: what is left will be used over the control valve or the by-pass line.
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13. Primary side flow rate depends on the position of the control valve and the 
available pressure difference against the design pressure difference. The flow 
depends on the pressure differences as follows:
m is directly proportional to J-^-2- [4.15] 
where
ks m is the mass flow,  
Apfl is the available pressure difference, kPa
Ap«/ is the design pressure difference, kPa. It is set by the user.
The mass flow is also directly proportional to the position of the valve.
It shall be noted that it is actually the volume flow that is proportional to pressure 
difference and the position of the valve the way described above. The mass flow 
has been used for the sake of saving computational capacity. The difference is 
negligible at this point because the real valve would operate in a slightly different 
manner, anyway.
14. Design values of the heat exchanger include all the inflowing and outflowing 
water temperatures at the design outside temperature and the capacity to transfer 
heat from the primary side to the secondary side at the design outside temperature 
with the design water temperatures respectively. Above figures lead to design 
flow rates at both sides of the heat exchanger.
15. U times A is a value that describes the ability of the heat exchanger to transfer 
heat at given flow temperatures. It depends on one hand on the heat transfer area 
and on the other hand on the heat transfer coefficients. As an increase in the flow 
results in increased turbulence, the heat transfer coefficients grow up along with 
it. The relation is not very simple, however, because the degree of turbulence 
depends on the shape and size of the cross-sectional area of the flow passage as
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well as on the velocity of the flow. In the application, the relation between the 
primary side flow rate and the U-value of the heat exchanger is as follows [19]:
. 0,55
U-value is directly proportional to V [4.16] 
where
kWU-value is the overall heat transfer coefficient, 
V is the volume flow,
m 2 -°C 
dm 3
s 
The design U times A value is calculated as followed:
U-A = -2- [4.17]
Tim
where
q is the (design) heat transfer rate, kW







Tpj is the (design) temperature of the primary side supply (in) flow, °C 
Tsj is the (design) temperature of the secondary side return (in) flow, °C 
Tpi0 is the (design) temperature of the primary side return (out) flow, °C
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TSi0 is the (design) temperature of the secondary side supply (out) flow, °C
16. Effectiveness of the heat exchanger is the ratio of the actual heat transfer rate for 
a heat exchanger to the maximum possible heat transfer rate. In the application 
heat exchangers are supposed to be of the counter flow type and the effectiveness 
is calculated with equation [4.5].
17. Primary side supply water temperature depends on the out flowing temperature 
at the boiler plant and the heat loss to the ground.
18. Heat input is the amount of heat that is transferred from the primary side to the 
secondary side. It is calculated as follows [17]:
[4.21]
where
q is the heat transfer rate, kW
e is the effectiveness of the heat exchanger.
kWC^n is the smaller of the heat capacity rates of the heat exchanger,   
C
Tpj is the temperature of the primary side supply (in) flow, °C 
Tsj is the temperature of the secondary side return (in) flow, °C
19. Primary side return water temperature is the temperature of the flow from the 
heat exchanger, °C. It is calculated as follows:
Tpo =-\— -Tpi I t4-22)
where
Tpi0 is the temperature of the primary side return (out) flow, °C
q is the heat transfer rate, kW
kW Cp is the primary side heat capacity rate of the heat exchanger,  -
L^
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Tpj is the temperature of the primary side supply (in) flow, °C
20. Automatic controller compares the desired heat input to the actual one and 
regulates the position of the control valve stem if there is need for such an 
operation.
4.5.5.3 Ventilation system
Figure 4.15 explains the operation of the ventilation system as a heat consumer. It is a 
block diagram that includes the most significant parts of the calculation procedure and 
their relations to one another. It is almost identical to the previous one describing the 
operation of the heating system. As a matter of fact there is only one distinction between 
them; block number 5 is an on/off controller in the heating system whereas in the 
ventilation system there may be two different values for the ventilation rate. One of them 
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Figure 4.15. Ventilation system.
The design values of the heat exchanger are determined with the full ventilation rate at 
the design outside temperature. There may be a heat recovery system that reduces the
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need for heat from the district heating network. It has been assumed in the application, 
though that the effectiveness of the possible heat recovery heat exchanger is constant 
and, thus, the heat input is proportional to the outside temperature the way figure 3.3 
shows. The design temperature and the relevant temperature limits are the same that are 
used with the heating system. The design values of the heat exchanger (in- and out 
flowing temperatures) may, however, differ from corresponding values of the heating 
system.
4.5.5.4 Domestic hot water system
The main distinction between the domestic hot water system and either the heating or 
ventilation system is that the outside temperature does not play any part in determining 
heat consumption when the DHW system is concerned. Furthermore, there is no 
secondary side flow circuit as is the case with heating and ventilation systems: The cold 
water is just heated up in the heat exchanger and it becomes domestic hot water, which 
then never returns to the exchanger (if there is no circulation pump to keep the pipes 
filled with hot water continuously). Figure 4.16 explains the operation of the DHW 
system. It is a block diagram that includes the most significant parts of the calculation 
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Figure 4.16. Domestic hot water system.
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1. Cold water temperature is the temperature of the water that flows in the 
secondary side of the heat exchanger. It is a constant and set by the user.
2. Hot water temperature is the temperature of the water that flows out the 
secondary side of the heat exchanger. It is a constant and set by the user.
3. Period of time relates to relevant calculation step. The time step is set by the user 
and there are 240 calculation steps. The user decides at which calculation step the 
DHW consumption starts and to what extent.
4. The flow rate of DHW depends on the period of time in the calculation.




q is the (desired) heat transfer rate, kW
V is the DHW volume flow, -^-
kg
p is the density of the DHW,   =5-
dm
kJ 
cp is the specific heat of the DHW, -  
K§ • C
Th is the temperature of the DHW, °C 
Tc is the temperature of the cold water, °C
6. Secondary side heat capacity rate is a constant. It is calculated as follows:
C = r.p.c, [4.24] 
where
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mV is the DHW volume flow, ^—
s
ks p is the density of the DHW,  ^7
dm
kJ cp is the specific heat of the DHW, kg-°C
7. Regulating valve position tells whether the control valve regulating the primary 
side flow through the heat exchanger is close, open or something between. It may 
have values between 0 and 100 %. It is supposed that the flow rate at a given 
pressure difference is directly proportional to the position of the control valve 
stem.
8. Design pressure difference tells what pressure difference is required so that the 
flow through the fully open valve is exactly the designed one (with full DHW 
consumption).
9. Available pressure difference is calculated by taking off all the pressure drops in 
the district heating network and the sub-station from the pump head at the boiler 
plant: What is left will be used over the control valve or the by-pass line.
10. Primary side flow rate depends on the position of the control valve and the 
available pressure difference against the design pressure difference.
11. Design values of the heat exchanger include all the inflowing and out flowing 
water temperatures and the capacity to transfer heat from the primary side to the 
secondary side at the design conditions. Above figures lead to design flow rates at 
both sides of the heat exchanger.
12. U times A is a value that describes the ability of the heat exchanger to transfer 
heat at given flow temperatures.
13. Effectiveness of the heat exchanger is the ratio of the actual heat transfer rate for 
a heat exchanger to the maximum possible heat transfer rate.
14. Primary side supply water temperature depends on the out flowing temperature 
at the boiler plant and the heat loss to the ground.
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15. Heat input is the amount of heat that is transferred from the primary side to the 
secondary side.
16. Primary side return water temperature is the temperature of the flow from the
heat exchanger, °C. 
17'. Automatic controller compares the desired heat input to the actual one and
regulates the position of the control valve stem if there is need for such an
operation.
4.5.5.5. District heating network
Figure 4.17 explains the calculation procedure in the district heating network from the 
boiler plant to the heat exchanger and back. It is a block diagram that includes the most 
significant parts of the calculation procedure and their relations to one another, hi the 
diagram there is only one consumer with only one heat exchanger. In the actual 
calculation procedure, there may be up to 21 consumers with up to 63 separate heat 
exchangers.
Figure 4.17. District heating system.
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1. Ground temperature is set by the user. It is the temperature of the earth's surface,
2. Thermal resistance is defined by the user. It consists of insulation thickness on 
the pipe, its thermal conductivity, thickness of ground layer on the pipe and its 
thermal conductivity. The thermal resistance of the insulation is calculated as 
follows [18]:
RE = -——— • In -^  - [4.25]
where
. °f 
RE is the thermal resistance of the insulation per metre of pipe,




Dp is the outside diameter of the pipe (without insulation), m 
/,  is the thickness of the insulation cover on the pipe, m
The thermal resistance of the ground is calculated with equation [4.13].
The U'-value including both the resistance of insulation and the resistance of 
ground is calculated with equation [4.14].
Hence, heat loss from a given pipe to ground depends on the temperature 
difference between fluid and ground and the length of the pipe.
3. Distance is the length of pipeline between two adjacent nodes, m. It is set by the 
user.
4. Pipe size is the inner diameter of pipe between two adjacent nodes, m. It is 
constant between any two adjacent nodes and set by the user.
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5. Supply water flow rate depends on which part of the network is concerned. At the 
boiler plant it is the sum of separate flows through all the control valves and heat 
exchangers situated at consumers' sub-stations.
6. Velocity of the flow depends on pipe size and volume flow rate as follows:
4-F [4-261
where
v is the velocity of the flow, m/s
3
V is the volume flow, 
D is the inner diameter of the pipe, m
7. Supply water temperature at the plant is the temperature of the out flowing water 
as it leaves the boiler plant.
8. Heat loss is the heat transfer from the supply water to the ground causing 
temperature drop.




Tj is the final temperature of the flow, °C 
TO is the primary temperature of the flow, °C
WU' is the overall heat transfer coefficient per metre, m-°C
I is the length of the pipe, m
kgp is the density of the flow, here a constant: 1000  r •> *
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c is the specific heat of the flow, here a constant: 4200   kg-°C
V is the volume flow, 
s
As can be seen, the temperature of the flow is considered constant during the 
calculation step. Due to proper insulation and relatively high velocities this does 
not cause any significant error. The same goes for specific heat and density.
10. Heat exchange is the stage where heat is transferred from the primary side flow 
to the secondary side flow in a heat exchanger located at the consumer's sub- 
station.
11. Return water temperature at the sub-station is the temperature of the primary 
flow after leaving the heat exchanger.
12. Ground temperature is set by the user. The value is the same as in block 1.
13. Thermal resistance is defined by the user. The value is normally the same as in 
block 2.
14. Distance is the length of pipeline between two adjacent nodes. The value is 
normally the same as in block 3.
15. Pipe size is the inner diameter of pipe between two adjacent nodes, value is 
normally the same as in block 4.
16. Return water flow rate depends on which part of the network is concerned. The 
mass flow rate is the same as in the supply pipe; volume flow is slightly different 
because of changes in the density.
17. Velocity of the flow depends on pipe size and volume flow rate as expressed in 
block 6.
18. Heat loss is the heat transfer from the return water to the ground causing 
temperature drop.
19. Return water mixing causes temperature changes. On one hand it takes place at 
sub-stations as flows from heating, ventilation and DHW heat exchangers are 
joined; on the other hand, mixing occurs in the nodes of the return pipeline. The 
mixed temperature of the flow is calculated as follows:
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T _ , -cp} - mi + T2 -cp2 -m2 + T3 . Cf3 -m3 ... + Ta -cpn -mn 
mix : :————:—————:———— [4.28]
where
Tmix is the temperature of the mixed flow, °C
T 1,2.3... n is the temperature of a given flow, °C
kJ cp\,2,3...n is the specific heat of a given flow, ———
Kg • C
/Mi,2,3...« is the mass flow of a given flow, —
s
20. Return water temperature at a given point is calculated considering mixing and 
heat loss to ground as described in block 9.
21. Supply water pressure at the plant is the head produced by the circulating pump 
in the boiler plant.
22. Return water pressure at the plant is what is left from the pump head. In the 
application, it is supposed that the pressure difference between supply and return 
lines at the boiler plant is kept constant by means of a frequency converter that 
regulates the pump. The pressure difference is set by the user.
23. Pressure drop in the supply line is caused by the flow. It depends on flow rate, 
pipe size, pipe roughness, temperature, viscosity etc. In the application the user 
sets the nominal pressure drop (kPa) between the nodes at the nominal flow rate 
when all the control valves at sub-stations are fully open. The application then 
calculates the actual pressure drop as follows:
•Apfl [4.29]
where
Apa is the actual pressure drop, kPa
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ma is the actual mass flow, —
5
mn is the nominal mass flow, —
s
Apn is the nominal pressure drop, kPa
It shall be noted that the actual pressure drop should be calculated by using 
volume flow rates instead of mass flow rates. The former have been used for the 
sake of saving computational capacity. The difference is almost negligible, 
nevertheless.
24. Pressure drop in the return line is caused by the flow. What has been said about 
block 23 goes for this one, too.
25. Pressure drop in the sub-station includes all pressure drop from nearest node to 
the sub-station and back except pressure drop over the control valve. The nominal 
pressure drop is set by the user and the application calculates the actual one the 
way described in connection with block 23.
26. Pressure drop over the valve needs to equal with the missing pressure drop when 
all the above pressure drops have been taken off from the pressure difference at 
the boiler plant. Only then the total pressure drop in every flow route of the 
district heating network equals with the available pressure difference.
27. Regulating valve position tells whether the control valve regulating the primary 
side flow through the heat exchanger is close, open or something between. It may 
have values between 0 and 100 %. The dependence of the flow rate on the control 
valve position and available pressure difference is discussed in connection with 
heating system, block 13.
4.5.5.6 Boiler plant
Figure 4.18 shows the calculation procedure in the boiler plant. It is a block diagram that 
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Figure 4.18. Boiler plant.
1. Outside temperature is set by the user.
2. Design temperature is set by the user. It is the outside temperature that results in 
the highest supply water temperature. There is also another limit value: the 
highest outside temperature when buildings are heated.
3. Set value for supply water temperature is calculated as follows:
When outside temperature is above the highest outside temperature when buildings are 
heated, the supply water temperature is constant, set by the user. Heat is used solely for 
domestic hot water preparation.
When outside temperature is at or below the highest temperature that buildings are 





Ts is the supply water temperature, °C
Th is the highest outside temperature that buildings are heated, °C
T0 is the actual outside temperature, °C
Td is the design outside temperature, °C
Ts, h is the highest supply temperature, °C
TSii is the lowest supply temperature, °C
When outside temperature is below the design temperature, the supply water temperature
is at its highest value, Ts,h .
4. Characters of the 3-way valve determine the division of flow through the ports of 
the valve in different stem positions. The most significant feature is the inherent 
flow characteristic. In the application there are two different flow characteristic 
types to be chosen from: linear and equal percentage. Figure 4.19 shows how the 




Figure 4.19. Flow rates against valve stem positions with four different authority 
values for linear and equal-percentage inherent flow characteristics.
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As can be seen in figure 4.19, the flow rate depends strongly on the flow characteristic 
and the authority of the valve, which is the valve pressure-drop ratio:
Ac
Pr = . . [4.31]
4Pv + 4P, 
where
pr is the pressure-drop ratio, authority of the valve 
Apv is the pressure drop over the fully open valve
App is the pressure drop over the piping and boilers
5. 3-way valve stem position tells about the travel of the valve stem: if the value is 
100%, it is only boiler circuit water that passes through the valve; if the value is 0 
%, only by-pass water flows through it. When intermediate values are concerned, 
also valve characters have an affect on the flow division.
6. Division of flow boiler circuit/by-pass is calculated so that both flow through the 
boiler circuit port and flow through the by-pass port are modelled.
hi parallel connection, the authority of the boiler circuit port of the 3-way valve depends 
on the pressure drop in the boiler circuit which, in turn, depends on the flow rate and the 
flow route. If the 2-way valve is closed separating the oil-fired boiler from the boiler 
circuit, the authority of the boiler circuit port of the 3-way valve remains constant and is 
set by the user, who also sets the pressure difference values for the flow through the 
wood chip boiler and its pipe work and, on the other hand, for the pipe work that is 
common for both boilers. As the 2-way valve opens, the total pressure drop in the boiler 
circuit decreases which changes the authority of the boiler circuit port of the 3-way 
valve. Both pressure-drop values are given at the nominal flow rate. The authority of the 
by-pass port of the 3-way valve is not related to the stroke of the 2-way valve but it 
remains constant. Its value is set by the user. If boilers are connected in series, there is no
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2-way valve that could interfere with the authority of the 3-way valve. In that case, the
authority of both ports of the 3-way valve are constant and set by the user.
The authority of the boiler circuit port of the 3-way valve is calculated as follows:
/»,='
\2




pr is the authority of the boiler circuit port of the 3-way valve
pr,n is the authority of the port with nominal flow rate in the boiler circuit, the 2- 
way valve closed
kg
mw is the mass flow through the wood chip boiler, —
s
mn is the nominal mass flow through the boiler circuit and through the wood
chip boiler, — 
s
kg 
m,, is the mass flow through the boiler circuit, —
o
pw is the pressure drop in the wood chip boiler circuit with nominal flow rate, 
kPa
pb is the pressure drop in the boiler circuit with nominal flow rate, kPa










^ v Pr,bypass ^bypass ,
[4.33]
where
is the authority of the boiler circuit port of the 3-way valve
is the stroke of the boiler circuit port of the 3-way valve; 0 corresponds 
with fully closed and 1 with fully open, respectively
™ the authority of the by-pass port of the 3-way valve
is the stroke of the by-pass port of the 3-way valve; 0 corresponds with 
fully closed and 1 with fully open, respectively


















v *r,bypass V* j j
[4.34]
where
is the authority of the boiler circuit port of the 3-way valve
L is the stroke of the 3-way valve; 0 corresponds with boiler circuit port fully 
closed (by-pass port fully open) and 1 with boiler circuit port fully open (by-pass 
port fully closed), respectively.
is the authority of the by-pass port of the 3-way valve.
R is the rangeability of the control valve. It is the ratio between the maximum 
flow and the smallest controllable flow through the valve. It depends on the 
composition and the size of the valve. A typical value is in the order of 25. As the 
definition brings out, very low relative flow rates cannot be controlled 
successfully neither with the application nor in real installations.
7. Return water flow rate depends on the rate of heat consumption: it is the total 
flow rate through all the control valves, heat exchangers and potential by-pass 
lines at consumers' sub-stations.
8. Return water temperature is the temperature of the return water as it enters the
boiler plant.
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kg is the flow through the boiler circuit, —
s
kzs is the flow through the by-pass port of the 3-way valve, —
s
kgm, is the supply water outflow from the plant, —
s
10. Out /lowing supply water temperature is regulated by the 3-way valve. It is 
calculated as follows:
_ boiler ' Cptoaer ' mboiler + * bypass ' Cpb>.paai ' -„——- ————————————:————————— [4.36]
where
Ts is the supply water temperature, °C
TboUer is the temperature of water in boiler circuit, °C
kJcn is the specific heat of boiler circuit water, ——— 
"-* F kg-°C
mbouer is the flow through the boiler circuit, —
s
bypass is the by-pass (return) water temperature, °C
kJ cp^ is the specific heat of by-pass (return) water, ——^~
Kg • U
kg is the by-pass water flow rate, —
c
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kJ fi is the specific heat of supply water, kg-°C
ks m, is the supply water flow rate, —
11. Automatic controller compares the desired supply water temperature to the actual 
one and regulates the 3-way valve if there is need for such an operation. The user 
sets the time it takes from the valve stem to move from one extreme position to 
the other one.
12. Set point for supply water temperature difference is a value set by the user. It 
determines how much the actual supply water temperature must be below the set 
point so that the 2-way valve starts to open and oil-fired boiler joins the boiler 
circuit.
13. Automatic controller compares the desired supply water temperature to the actual 
one and regulates the 2-way valve if there is need for such an operation. The user 
sets the time it takes from the valve stem to move from one extreme position to 
the other one. The temperature difference described above ensures that the oil- 
fired boiler is disconnected from the boiler circuit as the desired value of supply 
water is approached.
14. Characters of the 2-way valve include the inherent flow characteristics (linear 
and equal-percentage available) and the authority of the valve. The calculation of 
combined flow coefficient is described at block 6 and the flow rate at block 8.
15. 2-way valve stem position is regulated by the automatic controller.
16. Division of flow when 2-way valve full open is set by the user. It is a percentage 
value giving the flow through the oil-fired boiler divided by the total flow in the 
boiler circuit.
17. Division of flow in the boiler circuit tells which part of the total flow passes 
through the oil-fired boiler and which through the wood chip boiler.




ks moil is the flow rate through the oil-fired boiler, —
kz is the flow rate through the boiler circuit, —
. m 'open is the division of flow when 2-way valve is full open
Ml boiler, total
[4.38]
where, for a linear inherent characteristic:
m = 0,96-^ + 0,03 [4.39]
and for equal percentage:
^ = 30*-' [4.40]
where
Cv is valve flow coefficient at full lift (full open position) 
X is valve lift, fraction of full open 
C0 is combined flow coefficient for valve and piping 
CJQO% is above coefficient when the valve is full open
n=
where
Apv is pressure drop across the valve
Ap is pressure drop across the piping and boilers
[4.41]
120
19. Flow through the wood chip boiler is calculated as follows:
mwc = mboiier - m0n [4.42]
where
ke mwc is the flow rate through the wood chip boiler, —
s
ke iier is the flow rate through the boiler circuit, —
moil is the flow rate through the oil-fired boiler, —
s
20. Boiler water temperature is calculated for both boilers as follows:
where
AT is the change in boiler water temperature, °C
qt is the thermal input to the boiler, kW
q0 is the output from the boiler, kW, calculated as follows:
kgm is the mass flow rate through the boiler, —
s
kJca is the specific heat of boiler water, ——— " hg-°C
T0 is the out flowing water temperature, °C
Tf is the inflowing water temperature, °C 
t is the period of time (time step), s
V is the volume of the boiler, dm3
kg p is the density of the boiler water, — y
dm
21. Boiler water volume is set by the user.




CD -mwc +cn -m.,,
Pttc wc Poll °"
where
Tbotier is the boiler circuit water temperature, °C
Twc is the wood chip boiler water temperature, °C
kJ c is the specific heat of wood chip boiler water, ———'~ kg-°C
m wc is the mass flow of the wood chip boiler water, —
s
T0u is the oil-fired boiler water temperature, °C
kJ cpoii is the specific heat of oil-fired boiler water, kg-°C
kgm0u is the mass flow of the oil-fired boiler water, —
s
23. Boiler water temperature set value is set by the user for both boilers separately
24. On/off controller checks whether the oil-fired boiler temperature is below the 
limit that allows to start the burner. Once started, the burner continues to work 
until the set value has been reached. There has to be a difference of at least a 
couple of degrees between the boiler water set value and the limit that allows to 
start the burner.
25. Oil-burner output depends on its capacity, which is constant, kW, set by the user 
and on whether the controller keeps it on or off.
26. Inertia. There is definitely some kind of sluggishness in the control of 
combustion rate. Contrary to an oil burner which is able to reach its full capacity 
almost instantly, changes in the combustion rate of wood chips take some time. 
Obviously, there are several reasons that have an influence on it: Structure of the 
grate and the combustion chamber, temperature in the chamber, wood chip 
particle size and moisture content etc. In the application, it has been assumed that 
the biggest possible change in the combustion rate depends linearly on the 
starting value. Therefore the user sets a value for the biggest possible change in
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combustion rate (kW/min) at the lowest limit and at the highest limit of the boiler 
capacity respectively. Separate values are given for increasing and decreasing 
combustion rates. As the boiler is practically always operating between above 
limits, the biggest possible change in the combustion rate is calculated at every 
calculation step linearly based on the relevant starting value.
27. Limits. There are two limit values set by the user that determine the capacity of 
the boiler: the maximum combustion rate that can be achieved with the fuel in 
question and the minimum combustion rate.
28. Automatic controller regulates the combustion rate of the wood chip boiler. 
Depending on whether the boiler water temperature is below or over the set value 
it increases or decreases the combustion rate. The controller operates nearly as a 




qp is the preferred rate of combustion, kW, according to the P-action
ATW is the difference between the set value and the actual value of boiler water
temperature, °C
Tw is the actual value of boiler water temperature, °C
K is a coefficient set by the user 
qinil is the initial combustion rate, kW
As the proportional (P) action only works when the difference between the set value and 
the actual one changes, it tends to leave a constant deviation between said values. 
Increasing merely the coefficient K is not a solution as the control becomes unstable if 
the coefficient is too big. So there has to be another operator that gradually brings the 
actual value closer to the desired one. The problem is described in figure 4.20. There is a 
vessel from which water is flowing out. To compensate for the loss, the control valve lets 
water flow in the vessel. The stem of the control valve is connected to a lever. The other 
end of the lever is connected to a joint at point C. There is a float that is connected to the
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lever at point A. If the water level in the vessel starts going down due to increased
outflow, the float follows the water surface and makes the lever come down, too. That
movement is transferred to the stem of the control valve which makes the flow through
the valve increase as well. As soon as the outflow equals the inflow, the stem stops
moving. It may happen that the water surface is not at its set point any more, even though
an equilibrium exists. If it seems that the valve did not react strongly enough to the
change in the water surface, the float can be moved towards the joint e.g. to point B. That
makes the stem of the valve move more rapidly whenever the water surface is starting to
go up or down. This is what a proportional control is about. By moving the float from A
to B one actually changes the amplification coefficient.
fl
Figure 4.20. Control over water level.
As was mentioned before, with a proportional controller there is almost always a 
deviation from the set point, in this case the water surface is either too high or too low 
compared with the set value. The deviation can be reduced to a certain extent by 
increasing the amplification coefficient but it cannot be removed that way. In the case of 
figure 4.20, one could adjust the water level by moving the joint point C either up or 
down. This would make it possible to remove the deviation. The problem is that the 
adjustment would have to be done every time the flow rate from the vessel changes. It is 
also obvious that changes in point C should be done gradually and one should monitor
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the effects before further adjustments. An integral (I) control action works that way. It 
removes the deviation slowly but surely.
In the application, the I-action is calculated as follows:
A 7^ ^
~ • 9u,i' f- + <lprev.init 2 [4.46]
where
is the new initial value for the P controller, kW 
is the original rate of combustion, kW
is the difference between the set value and the actual value of boiler water 
temperature, °C 
Tw is the actual value of boiler water temperature, °C
// is the integration time, s, set by the user
tcs is the duration of a calculation step, s
Q pnv.init2 is me cumulative combustion rate according to the I-controller at the
previous calculation step, kW
In the application, the I-action compares the set point with the actual value and if 
difference exists, it takes action so that if, for example, the boiler water is 10 % too cold, 
it tries to elevate the rate of combustion by the same 10 % during the set integration 
period. At the next calculation step it checks the deviation again. If it has reduced to, say, 
8 % it now only tries to elevate the combustion rate by 8 % during the set integration 
period. As the calculation step is typically a lot shorter than the set integration period, 
only small changes take place before the following calculation step starts.
29. Wood chip boiler combustion rate is practically the same as the rate the automatic 
controller sets provided that the coefficients of the controller are properly set and 
the controller is not able to make swift changes. Nevertheless, it may happen that 
the combustion rate does not follow immediately changes set by the controller. 
For example, if the combustion rate has been going up for a while and the 
controller tries to cut it down, there are probably quite a lot wood chips on the
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grate and the combustion chamber temperature is high so that heat transfer to 
boiler water will most obviously go on for some time regardless of what the 
automatic controller wishes. Another example could be a situation where the 
boiler water temperature has risen too high for some reason and the controller has 
cut down the fuel feeding for a lengthy period. During that time almost all the 
wood chips would have burnt out and the grate would be practically bare. 
Temperature in the combustion chamber would have sunk rather low. If the 
controller wanted, in that kind of situation, to increase the combustion rate, it 
would probably take some time before the heat transfer to boiler water would 
increase at all, despite increased fuel and combustion air supply rates.
In the application, it is possible to set some coefficients that take the aforementioned 
situations into consideration so that the actual combustion rate remains constant for some 
time before it changes its direction. It is just extremely difficult to know what kind of 
inertia effects actually exist in different situations. Therefore the user should be cautious 
about utilising above coefficients.
4.5.6. Simplifications in the model
Some simplifications have been made in the application. Their significance is discussed 
at this point.
4.5.6.1 Geometry of the network
The geometry of the network has been restricted to not more than seven nodes. In real 
installations the amount of nodes may quite easily be ten times that, even in rather small 
district heating systems. Nevertheless, in small DH systems the nodes have to be quite 
close to one another and the error resulting from bunching up some adjacent nodes is 
acceptable, especially when the idea is not to study any particular place in the network 
but the whole system including heat production, transfer and consumption. A study has 
been made in Denmark, revealing that the amount of separate pipes and nodes can be 
reduced drastically and the accuracy of simulation remains still at an acceptable level [3].
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4.5.6.2 Flow calculations
It has been supposed that flow in the piping is always of turbulent nature. Laminar flow 
does not exist in the application. In real installations it is basically always that way: 
Laminar flow occurs rarely in heating systems where water is the heat carrier. Only in 
small pipes or other flow routes with a small cross-sectional area and with slow flow rate 
may the flow have a laminar nature. The nature of the flow affects on the one hand the 
heat transfer coefficient and on the other hand the pressure drop in the piping. Neither of 
above things is particularly interesting when flow rate is close to zero, so the flow is 
obviously turbulent in all situations of any interest.
The flow through the control valves and by-pass lines is calculated by using mass flow 
rate relations instead of volume flow rate relations. As the temperatures do not vary 
much in the calculation procedure, the density of water is almost constant. It is also 
important to notice that the user feeds in quite a lot information that is not accurate. On 
the contrary, the user most probably utilises typical values for pressure drops over sub­ 
stations or pipelines instead of calculating them accurately. That makes the deviation 
caused by using mass flow rates of minor importance.
Pressure drop calculations are carried out so that there is an initial pressure drop with a
given flow rate. (This is known by the user; it is the design flow rate and the one who has
sized the pipes must have found out what the pressure drop would be). With all other
flow rates the pressure drop is calculated based on the approximate relation between flow
rate and pressure drop. This kind of calculation does not take into account changes in the
physical properties of water as temperature varies. Notably viscosity relates to water
temperature which means that the pressure drop in the supply line is different from the
pressure drop in the return line even though the size, length, shape and mass flow rates
are the same. Of course, variations in density lead to variations in volume flows, as well.
However, as the shape of the district heating grid has been simplified somewhat, errors
due to simplifications in the pressure drop calculation are negligible, having in mind that
the application is not meant for dimensioning pipe work or pumps; its purpose is to help
find relationships between certain things.
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Control valves at the sub-stations are supposed to have strictly linear flow characteristics, 
which does not exist in real installations. However, as can be seen in figure 4.19, if the 
authority of the valve is around 0.7...0.8 and it has a linear characteristic, the actual 
relation between stem position and flow rate is almost linear. On the other hand, it has 
nothing to do with the eventual flow rate (which depends on temperatures and the heat 
exchanger), it is just how long it takes until the eventual flow rate is achieved.
4.5.6.3 Heat transfer calculations
In the calculation of heat loss from the pipes to the ground some simplifications have 
been done:
1. The length of the pipe between two given nodes is not strictly the same as the 
user has set. The procedure checks at every calculation step if the water that 
departed the previous node (at a given temperature) has already arrived. As the 
calculation step may be e.g. 30 seconds, the water may have flown say 50 metres 
during the calculation step. If it was quite close to the node at the previous 
calculation step, it may happen that at the following check point it has already 
passed by the node. It is the distance it has flown from the previous node that is 
used as the length of the pipe between the nodes. If the actual distance is short 
and the time step is long, a notable error may take place. If, as usually is the case, 
the distance is lengthy, flow rate moderate as well as the calculation step, the 
deviation is negligible.
2. The temperature of the water between two given nodes is considered constant by 
the application. This leads to too the heat loss rates being too high. Nevertheless, 
some calculations have been made to compare the results with above method to 
results with a more accurate model that takes the temperature drop into account. 
The comparison showed that the results were practically identical if the flow rates 
were moderate or high and the distance between the nodes was not extremely 
long. When it comes to low flow rates (actually the velocity is significant) the 
difference becomes visible. Of course, with poor thermal insulation the deviation 
increases.
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3. Heat transfer between the supply and the return lines has not been taken into 
account at all. It can be seen quite easily that it is the insulation of the pipe that 
dominates the heat loss; the thermal resistance of the ground is of minor 
importance. (That is why the thermal resistance of the steel pipe and the plastic 
jacket on the insulation have also been ignored.) Therefore it is quite logical not 
to care what happens to the heat once it has left the insulation; some amount of it 
obviously comes across the return pipe but the insulation works in both 
directions. In general, as the pipes are not in common insulation but are insulated 
separately, the heat transfer between them can be regarded as negligible.
4. The specific heat capacity and the density of water are constant in the heat loss 
calculation. This leads to a certain deviation, depending on the temperature of the 
flow. Considering that the geometry of the network is simplified and the pipe 
sizes and distances are not strictly the same as they would be in a real installation, 
the significance of using constant values instead of accurate ones becomes 
remote.
4.5.6.4 Secondary side constants
Temperature of the secondary side flow is considered to be linearly proportional to the 
outside temperature. As the latter remains constant during the simulation period, the 
same goes for the secondary side flow, too. The model does not include heat transfer 
from the secondary side flow to the inside. Massiveness of the building, volume of the 
secondary side system, heating method (radiators, floor slab heating...) have an 
influence on how stable the return water temperature is. The flow rate is supposed to be 
constant. It is obvious that the secondary side return water temperatures are on average 
close to their design values just as the calculation expects, but undoubtedly situations 
occur when the temperatures fluctuate for some reason; and the same may happen to the 
flow rates. To include these fluctuations to the calculation would require modelling of 
the consumers, which would increase the size of the application drastically.
It is supposed at this point that above fluctuations do not last long and the secondary side 
values equal in general with the design values. It is also obvious that the fluctuations
129
propagated from the secondary side to the primary side would level off as the separate 
flows would join in the main pipe.
Linear proportionality between the secondary side temperatures and outside temperature 
does not occur in reality. If the heat exchangers have been properly sized, secondary side 
temperatures are at their design values at the design outside temperature. On the other 
hand, as outside temperature is elevated so that there is practically no need at all for 
heating, and the control system works properly, there is no observable temperature 
difference in radiators and heating coils between supply and return temperatures. If the 
radiators and coils are not supposed to transfer heat to the interior, but flow circulation is 
still on, the temperature of both supply and return waters has to be very close to the room 
temperature. So, it can be considered that flow temperatures at the design outside 
temperature and at the need for heat ends outside temperature are known. The 
application calculates intermediate values linearly. In real installations, depending on 
sizing of radiators and coils, intermediate values are somewhat higher than linear 
proportionality would suggest. The maximum difference is in the region of 2 to 5 °C, in 
the return water even less. If the temperature is close to either design or heating ends 
outside temperature, the deviation is next to nothing. Secondary side return temperature 
is needed for calculating the primary side return temperature. Should there be a deviation 
of a couple of degrees in the secondary side return temperature, it would cause an error 
in the primary side return temperature in the region of one or two °C.
4.5.6.5 Heat exchangers
To calculate the effectiveness of the heat exchanger with different flow rates would 
require knowledge on the shape and size of the flow routes in the heat exchanger, so that 
the Reynolds number characterising the nature of the flow could be calculated. This kind 
of information is very seldom available when the heat exchangers have not been even 
purchased yet. On the other hand, it is known that the heat transfer coefficients in the 
heat exchanger are related to the flow rate, so that they cannot be just ignored.
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An equation was found in the literature approximating the relation between the change in 
the flow rate in one side of the exchanger and the overall heat transfer coefficient [19]. 
Experiments were made with above equation and an heat exchanger sizing program [22] 
to see if the results match. The aforementioned sizing program is made by a heat 
exchanger manufacturer and is used in sizing heat exchangers for customers. It takes into 
account temperatures and flow rates, nature of flow, thermal properties of water and 
several convection coefficients.
Figure 4.21 shows the primary side return water temperature, which is the interesting 
variable, calculated with the sizing program and by using the aforementioned 
approximating equation. The design heat transfer rate is 20 kilowatts and the design 
primary side temperatures are 115 °C (inflow) and 45 °C (outflow) and in the secondary 
side respectively, 40 °C (inflow) and 70 °C (outflow). These are in accordance with 
typical Finnish installations. Heat transfer rate is proportional to outside temperature and 
the primary side supply water temperature and the secondary side return water 
temperature are calculated according to the outside temperature the way discussed 
previously.
It can be seen in figure 4.21 that the difference between the results is negligible. This is 
mainly due to high effectiveness which, in turn, results from design values (45 °C and 
40 °C) which are quite close to each other.
Figure 4.22. Shows the comparison with a 50 kW heat exchanger. The design 







Design primary temperatures 115/45°C
Design secondary temperatures 40/70 *C
Design input 20 kW
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Figure 4.21. Primary return temperatures.
Design primary temperatures 115/45 °C
Design secondary temperatures 40/70 °C
Design input 50 kW
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Figure 4.22. Primary return temperatures.
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It can be seen in figure 4.22 that the design heat transfer rate is of no importance; the 
results go well with figure 4.21.
Figure 4.23 shows the comparison with a 50 kW heat exchanger but the primary side 
design supply temperature being 95 °C instead of 115 °C as it was in previous examples. 
This kind of heat exchanger could be installed to the farthest point of the DH network 
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Figure 4.23. Primary return temperatures.
Again, it can be seen that the results are almost identical. As the design temperatures in 
the ventilation systems are generally either the same or at least close to the ones used in 
heating systems, it may be assumed that the simplifying equation gives results that are 
accurate enough as far as heating and ventilation heat exchangers are concerned.
Domestic hot water heat exchangers differ somewhat from the ones used for heating and 
ventilation. For one thing, the secondary side temperatures do not depend on outside 
temperature; in the application they are constant. For another thing, the secondary side 
flow rate is by no means constant. The most challenging situation occurs when the
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outside temperature is high and, thus, the supply water temperature is low: The 
exchanger should be capable of transferring the designed heat rate from the primary side 
to the secondary side even then. As the supply water temperature is elevated, the 
situation becomes easier. In figure 4.24 the operation of a 100 kW DHW heat exchanger 
is shown. The primary side design supply water temperature is 70 °C, return temperature 
25 °C, secondary side cold water temperature 8 °C and hot water 55 °C. These values are 
well in accordance with typical Finnish installations. The hot water consumption rate is 
100 kW through the calculation; the variables being the primary side supply water 
temperature and the return water temperature.
Design primary temperatures 70125 *C 
Design secondary temperatures 8/55 "C
Design input 100 kW
Actual input 100 kW




Figure 4.24. Primary return temperatures of a DHW heat exchanger.
It can be seen that even though the difference is evident, the shape of the simplified 
curve is satisfactory. Figure 4.25 gives the results of the same heat exchanger with a 70 
kW hot water consumption rate.
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Design primary temperatures 70/25 'C
Design secondary temperatures 8/55 'C
Design input 100 kW
Actual Input 70 kW
Figure 4.25. Primary return temperatures of a DHW heat exchanger.









Design primary temperatures 70/25 "C 
Design secondary temperatures 6/55 'C 
Design input 100KW 
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Figure 4.26. Primary return temperatures of a DHW heat exchanger.
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Figure 4.27 gives the results of the same heat exchanger with a 10 kW hot water 
consumption rate.
Design primary temperatures 70/26 *C
Design secondary temperatures 8/55 *C
Design Input 100 kW


















Figure 4.27. Primary return temperatures of a DHW heat exchanger.
As can be seen in figures 4.25 - 4.27 the difference between the return temperatures 
becomes smaller as the domestic hot water consumption rate decreases. It is rather 
obvious, because the effectiveness goes up with decreasing flow rates.
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5. Application of the dynamic models
5.1 Introduction
In Chapter 3, an application of the steady state model was introduced. In this chapter, the 
same case will be studied again, but this time with the dynamic models introduced in 
Chapter 4. As has been said before, the initial data is essentially the same. Should there 
be miscalculations e.g. in the annual heat consumption of a particular building, it would 
be reflected in both calculation procedures. The annual heat consumption of each 
building is the same regardless of the calculation method. The difference, if any appears, 
will relate to the division of heat consumption through the year and its implications.
The annual heat consumption of each building is known. It consists of heat losses 
through the envelope, heat losses due to natural filtration, heat losses due to ventilation 
and heat consumed for domestic hot water preparation. There are also several heat gains 
that have an influence on the need for heat: Solar radiation, heat recovery, occupants' 
attendance and the usage of electric power decrease the need for heat from the DH 
network. It is extremely difficult to get detailed information on practically all the 
aforementioned heat gains. Solar radiation is a partial exception: The intensity of direct 
and scattered radiation through the test year are known, still there may be several 
variables which are difficult to predict but have a significant influence on solar radiation 
entering the room. An example of such things are Venetian blinds and curtains in 
general.
Even though it is most likely difficult to calculate exactly the availability of heat gains, 
this does not mean that such a calculation would be meaningless. If one, for instance, 
considers a day in April or in September, it is in this authors experience that even though 
the outside temperature may be pretty low, solar radiation is so intense that there is no 
need for heating in rooms whose windows are facing the sun. On the contrary, room 
temperature tends to rise too high so that curtains or Venetian blinds need to be adjusted. 
What is more, it is easy to believe that in schools and office buildings the internal heat 
gains are emphasized in the day-time when a lot of people not only occupy there but also
137
use electrical appliances. The same goes vice versa for residential buildings: People 
return to their homes after work and start using electric power for many purposes 
probably more than has been the case in the day-time. All this is to say that depending on 
the purpose of use there is a definite and more or less regular variation in the intensity of 
internal heat gains in each building. What is not known exactly is the degree of the 
variation, but the overall picture can well be predicted.
5.2. DHW consumption
Another thing that is obviously significant when calculating the heat demand from the 
DH network is the usage of domestic hot water. It is known that the usage does not occur 
at a constant rate; on the contrary, there are a few peaks during which a great deal of 
domestic hot water is consumed. The hourly division is one thing and the total is another 
thing. If one has a good estimation on both of them, it is possible to determine the need 
for heat for this purpose from the DH network at any moment. Again, it is probable that 
one is not able to tell exactly how much domestic hot water is consumed in different 
buildings. Even more difficult is to find out how the total consumption is divided through 
the day and week. Nevertheless, some things are so obvious that they can be considered 
as facts. People tend to sleep at night, so no hot water usage then. People do not go to 
schools or offices in weekends, no hot water usage in those buildings then. Most people 
are not at home in the daytime except at weekends. There are obviously three peaks in 
the hot water consumption: When people wake up and prepare themselves for the day, at 
lunchtime and when people come back home and start making food and take showers 
etc.
In the Technical University of Chalmers, in Sweden, they have investigated the 
consumption of domestic hot water in a vast study made in the city of Gothenburg [2]. 
According to that study, the consumption of domestic hot water varied the way shown in 
figure 5.1. In the night from midnight till 5 o'clock in the morning there is no hot water 
consumption at all. From that point on the average consumption varied like figure 5.1 
shows. In the study, there were many types of buildings, the majority were residential 
ones, however.
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It can be seen that according to the study the highest peak takes place between 7 and 8 in
the morning. The next peak is around midday and then in the evening there is no definite
moment when the consumption would be particularly high, but it remains at a relatively
high level between 5 and 9. In general, this kind of consumption profile looks plausible
and would be easy to adopt. It is, thus, used in this application, too. The drawback is that
the study did not bring out differences between weekdays and weekends. That is why the
same profile has been used for each day in the week, in the application. Only the total
consumption varies according to the period of week so that if there are 7 DHW
consumption days a week, they are all similar. If there are only 5 days when DHW is
consumed, weekdays from Monday to Friday are similar and on Saturday and Sunday
there is no DHW consumption.
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Figure 5.1. The average division of domestic hot water consumption during
the day and night.
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The total domestic hot water consumption of buildings has been estimated. For 
residential buildings, a statistical value for hot water consumption per square metre was 
found in the above Swedish survey. Almost all the other buildings are more or less one 
of a kind, since there are combinations of different purposes of use. That is why the 
value for hot water consumption per square metre of those buildings has solely been 
estimated by comparing it with residential buildings. For instance, it is probable that hot 
water consumption of a library or an office is significantly less than in a residential 
building. On the other hand, there a some buildings where people make rather large 
amounts of food. That would suggest a higher hot water consumption compared with 
residences. Table 5.1 shows the estimated hot water consumptions per square metre (in 
kilowatt-hours), the total annual consumption where it leads to, what is the domestic hot 
water percentage of the total heat consumption of the building and whether there are 5 or 
7 days of DHW consumption a week.
When comparing table 5.1 to table 3.1 in Chapter 3, one can see that table 5.1 includes 
more items: The same building number may stand on several lines. This is due to the 
more accurate approach: Each building has been handled separately whereas with the 
steady state model several buildings were considered as one unit, as the initial data made 
that kind of approach convenient.
It can be seen that the estimated total annual heat consumed for domestic hot water 
preparation is 725 MWh. As the total heat consumption is 5920 MWh, it means that 
12 % of all the heat these buildings draw from the DH network is used for domestic hot 
water preparation. If that figure is compared with the estimation that was used in the 
application of the steady state model, it can be seen that the new approach leads to a 
somewhat lower value. It was 20 % in the previous calculation.
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It is obvious that some items in table 5.1 require closer inspection:
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Building number 6, Iltarusko terraced houses, gives only 7 % of total heat consumption 
to DHW preparation in spite of using the 'standard' DHW consumption per square 
metre. The reason for this is that the total annual heat consumption is as high as 
159 MWh even though the area is only 350 m2 . It became evident during this study that 
either the area or the annual consumption has to be false. It could be so that heat that has 
been recorded for this building has actually been used by some other building. The error 
does not seem significant for the whole, however, and it would be difficult to say which 
building has actually used more heat than the records tell.
Building 16, Karvian Konepaja works, does not use domestic hot water at all, according 
to table 5.1. The reason is that as the DHW consumption is probably low in this type 
building (occasional hand washing), it is easier to leave it out from the calculation than 
to consider what the consumption and the profile of consumption could be. At present, 
there are only a few small electric hot water heaters installed, so the consumption cannot 
be significant.
In the library and all the shops and offices it has been considered that the hot water 
consumption is much less than in residential buildings. If there are several types of 
activities in the same building, that has been taken into account. For instance, a building 
may be partly residential and partly used as an office or a shop.
5.3. Electricity consumption
There are basically two values that have been used for electricity consumption of 
buildings. For residential buildings 13 kWh/m3 per annum and for other type of buildings 
8 kWh/m3 respectively. With partly residential buildings the value is 10 kWh/m3 per 
annum. Furthermore, is has been estimated what is the division of electricity 
consumption between day and night. Naturally, the durations of daytime and night-time 
periods have been estimated according to the purpose of use of the building. The division 
of electricity consumption between lighting and other purposes has also been estimated. 
The results can be seen in the Appendix, table III.
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The same way as was the case with domestic hot water consumption, also at this point 
building number 16 has been left out of calculations. The reason is obvious: A machinery 
works consumes huge amounts of electric power compared with other buildings in the 
survey. It also operates in a completely different manner: Huge doors may be open even 
in the middle of winter if there is a need to transport something in or out. That makes 
heat gain calculations pointless for this particular building.
5.4. Occupancy
Table IV in the Appendix brings out how people are expected to stay in buildings or 
keep away of them. Some general rules have been applied when estimating the amount 
of occupants in residential buildings: There are four occupants per 100 m2 . Furthermore, 
it has been suspected that all the occupants are present in the night but only half of them 
in daytime. Schools and offices are occupied during daytime except weekends. The 
amount of people in those buildings has been estimated according to the size and purpose 
of use of the building.
5.5. The effect of heat gains
In the application, there are some heat gains that follow a similar pattern from day to 
day. Occupancy is one of them; there is one profile for weekdays and another one for 
weekends. Consumption of electric power for other purposes than lighting includes also 
a repetitive nature. On the other hand, the intensity of solar radiation does not follow any 
constant pattern; the heat recovery rate - if equipment for such exists - is not constant 
either. Heat liberated from lighting depends on what time the sun sets, something that 
changes every day.
Figure 5.2 shows variations in the demand for heat and the available heat gains for 
building 1/1 (a terraced house) during the January of the test year. The upper graph 
illustrates the need for heat for radiators and ventilation coils. The lower shows 
variations in available heat gains in the same period.
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January
Figure 5.2. Demand for heat (the upper curve) and the available heat gains (the lower curve) of building 1/1 in the January of the test year.
The average need for heat in January is about 17 kW whereas the average heat gain 
during the same period is 2.5 kW which makes some 15 % of the total need, excluding 
domestic hot water preparation. Figure 5.3 illustrates further where this 2.5 kilowatts 
comes from. It brings out the division of heat gains during the first week in January. 
Solar radiation increases a little, otherwise virtually the same pattern is repeated through 
the whole of January.
It can be seen that at the beginning of January solar radiation is almost negligible; the 
highest transient value is a bit over 0.5 kilowatts. Occupants make a heat gain that 
oscillates between 0.5 (in daytime) and 1.1 kilowatts (in the night). Electricity 
consumption, including lighting, causes a heat gain which oscillates between 0.7 and 2.6 
kilowatts. There are two peaks a day; the first in the morning and the second in the 
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Figure 5.3. Division of heat gains during the first week in the January of the test year.
Two months later the picture is a bit different. Figure 5.4 brings out variations in the 
demand for heat and the available heat gains for the same building during the March of 
the test year. The upper graph illustrates the need for heat for radiators and ventilation 
coils. The lower shows variations in available heat gains. In the middle of the month 
there seems to have been a remarkably cold period compared with the rest of the month. 
The month begins with a Thursday.
The average need for heat in March is about 12.8 kW whereas the average heat gain 
during the same period is 2.7 kW which makes some 21 % of the total need, excluding 
domestic hot water preparation. Figure 5.5 illustrates further where this 2.7 kilowatts 
comes from. It brings out the division of heat gains during the first whole week (Monday 
- Sunday) in March.
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Figure 5.4. Demand for heat (the upper curve) and the available heat gains 
(the lower curve) of building 1/1 in the March of the test year.
I 1-5
The first whole week in March
Figure 5.5. Division of heat gains during the first whole week in the March of the test
year.
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Heat gain from occupation is identical with the situation in January. Heat gain from 
electricity consumption oscillates between the same minimum and maximum but 
durations of maximum heat output are shorter, which is due to increased sunshine and, 
thus, decreased usage of artificial illumination. Solar radiation has increased 
considerably; the highest peak is close to 2.5 kilowatts.
Another two months will change the pattern even more. As can be seen in figure 5.6, in 
May solar radiation is very intense, and there are moments when heat gains exceed the 
need for heat. The average need for heat in May is about 6 kW whereas the average heat 
gain during the same period is 2.5 kW which makes some 43 % of the total need, 
excluding domestic hot water preparation. There are, however, periods (notably in the 
latter part of the month) when the need for heat is so scanty that all the available heat 
gains cannot be utilised. The month begins with a Thursday.
Figure 5.6. Demand for heat (the upper curve) and the available heat gains 
(the lower curve) of building 1/1 in the May of the test year.
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As the summer comes closer, solar radiation becomes more and more important as a heat 
gain whereas the consumption of electricity loses its weight. Figure 5.7 illustrates the 
division of heat gains during the first whole week (Monday - Sunday) in May. The 
application considers that on a weekend people use more electricity than in a weekday 
(in a residential building). The increased consumption is due to staying awake late and 
having the lights on. It is probable that the application gives too high electricity 
consumption rates for lighting, as it only has two alternatives; all lights on or all lights 
off, but the electricity consumption could as well go that way: People tend to watch TV 
on weekends, for example.
§ 1.5
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The first whole week in May
Figure 5.7. Division of heat gains during the first whole week in the May of the test year.
Figures 5.2 - 5.7 were shown just to give an idea of the significance of estimating the 
heat gains and their timing correctly. It can be seen, that in the colder period of the year 
heat gains are of minor importance compared with the need for heat. That would lead to 
a conclusion that even considerable miscalculations of the output or duration of heat 
gains would not ruin the calculation. Heat gains become important as the outside 
temperature rises. One of the main functions of the application is to gain data of diurnal
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variations in the need for heat from the DH network as the period of year is turning either 
from spring to summer or from summer to autumn. That kind of data would help to 
estimate how long a pause would be expected in the use of wood chip boiler in the 
summer. During late spring and early autumn daytime temperatures are often 
considerably higher than at night-time. Solar radiation exists, naturally, only in daytime. 
So, there is no doubt about it that there are periods when there is no need at all for space 
heating during day time, but some heat is required during the night. The consumption of 
domestic hot water changes this pattern to some extent, of course.
When evaluating the plausibility of heat gain calculations in the application, it must be 
said that there are definitely deviations due to so many estimations and generalisations. 
The pattern seems, though, credible as the heat gain from electricity consumption is at 
the highest during the winter, whereas heat gain from occupation reaches its maximum in 
houses during the evening and night and in schools and offices during the day. Solar 
radiation dominates from spring to autumn.
5.6. Heat consumption of the buildings
Heat drawn from the district heating system has been calculated for each building. The 
results can be seen on a monthly basis in the Appendix, table V, which brings out that 
some buildings are much more significant than some others when it comes to heat 
consumption of the whole network That is why only a few of them will be examined 
further. There will be graphs showing the need for heat (for space heating and 
ventilation) through the year, on buildings that draw more than 200 MWh per year for 
space heating and ventilation. Heat required for domestic hot water preparation is not 
shown in these graphs because it would make them extremely fuzzy. It is, though, shown 
in the figure which brings out the monthly heat consumption. In these figures, heat 
consumed by the ventilation system is included in 'Heating', so they match with table V.
The first building the heat consumption of which is presented, is the upper secondary 
school, building number 1/3.
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Figure 5.8. Heat building 1/3 draws from the DH network for heating and ventilation.
n
January February March April May June July August September October November December
Tesl year
Figure 5.9. Division of heat consumption of building 1/3 on monthly basis.
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Building number two is the gymnasium and fire station. First the consumption of heat for 
heating and ventilation, and then the monthly division:
11. 31.1 2.3. 1.4. 2.5 1.8. 1.7. 1.8 31.8. 30.9 31.10 30.11 30.12
Figure 5.10. Heat building 2 draws from the DH network for heating and ventilation.
January February March April May June July August September October November December
10000-— ———
Figure 5.11. Division of heat consumption of building 2 on monthly basis.
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Building number four, Annankoti old people's home:
Figure 5.12. Heat building 4 draws from the DH network for heating and ventilation.
January February March April May June July August September October November Oecembe
Figure 5.13. Division of heat consumption of building 4 on monthly basis.
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Building number twelve. City hall:
1.1. 31.1. 309. 31-10. 30.11. 30.12
Figure 5.14. Heat building 12 draws from the DH network for heating and ventilation.
30000 • — —— -
January February March April May June July August Sept October November December
Figure 5.15. Division of heat consumption of building 12 on monthly basis.
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Building number sixteen, Karvian Konepaja works:
2.5. 16. 1.7. 1.8. 31.8. 30.9. 31.10 30.11 30121.1. 31.1
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Figure 5.17. Division of heat consumption of building 16 on monthly basis.
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Building number nineteen, terraced houses Ylasatakuntatie (1/2):
1.1 31.1. 2-3 31 8 30.9 31 10 30 11 30 12
Figure 5.18. Heat building 19/1 draws from the DH network for heating and ventilation
May June July August September October November Decembe
Figure 5.19. Division of heat consumption of building 19/1 on monthly basis.
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And then terraced houses Ylasatakuntatie (2/2):
31.10 3011. 30.12-
Figure 5.20. Heat building 19/2 draws from the DH network for heating and ventilation.
30000 • — — — ——
20000 — -- ——
10000 ----- ———
January February March April May June July August September October November December 
Test year
Figure 5.21. Division of heat consumption of building 19/2 on monthly basis.
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5.7. Connecting the buildings
5.7.1. Total consumption
In Chapter 4, heat consumptions of separate buildings (or groups of buildings) were 
presented. To be able to compare the results with those from the steady state model 
calculation, simultaneous heat consumptions need to be added up. What is more, heat 
losses from the district heating network have to be taken into account.
As can be seen in table V in the Appendix, all the buildings together draw 5919 MWh 
per annum from the district heating system. The corresponding figure with the steady 
state model was 5920 MWh/a, so they virtually equal with each other.
Heat loss from the district heating network varies as temperatures of the fluids and 
ambient ground vary. The length of the supply line equals with the length of the return 
line. As the temperature difference between the fluid and the ground is, on average, a lot 
bigger when supply pipe is concerned it is truly good news that variations in supply 
water temperature are well known. The supply water temperature is adjusted to outside 
temperature as it leaves the boiler plant. Naturally, there will be some cooling in the 
network so that supply water coming to a customer's sub-station is at somewhat lower 
temperature than it was at the plant. Cooling is, though, the only factor that affects 
irregularly the supply water temperature.
Return water temperature is more complex. For one thing, it enters the network in many 
places simultaneously, and for another thing, initial temperatures are not uniform. It does 
not make things any better that these flows at different temperatures mix in junction or 
node points and cooling takes place all the time. All this means that calculation of 
average return water temperature is not possible with the application. Probably the only 
good thing related to return water temperature is that it is not as significant as supply 
water temperature.
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At this point, return water temperature and average temperature drops due to cooling are 
simply given. Later in this study we will return to the question where did they come 
from. Supply water temperature, as it leaves the boiler plant, is adjusted to outside 
temperature so that it is 115 °C at the design temperature (-26 °C) and 70 °C as the 
outside temperature is 15 °C. Intermediate values are calculated linearly. It is supposed 
that the supply water temperature, on average, is at 5 % lower temperature than it is as it 
leaves the plant and enters the network. The average return water temperature is 
constant, 43 °C. Ground temperature is the average of preceding 24 hours' outside 
temperature.
Figure 5.22 shows the variations in heat output and heat loss through the year. It brings 
out that heat output in the boiler plant varies so that the maximum value is about 2200 
kilowatts and in the summer it falls frequently close to zero. Heat loss is in the winter 
around 150 kW and in the summer about a half of that. The total heat loss is 943 MWh. 
The variations can be seen better in figure 5.23 which shows that the minimum heat loss 
is approximately 65 kW. With the steady state model calculation, the heat loss was 
approximated by using pipe manufacturer's data. The value used in calculations was 
1086 MWh, which is 15 % higher than the result from this calculation.
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31.6. 30,9. 31.10. 30.11. 30.12.
Figure 5.23. Heat loss from the DH network through the year.
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The maximum output of the selected wood chip boiler was 1200 kW and the minimum 
sustainable output 240 kW according to the steady state survey. Below are presented the 
monthly outputs of the boiler plant. Not all of them are equally interesting, but as either 






Figure 5.24. Heat output in January
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Figure 5.25. Heat output in February
March
Figure 5.26. Heat output in March.
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Aprl
Figure 5.27. Heat output in April.
As the lower limit becomes more interesting, the scale is changed.
May
Figure 5.28. Heat output in May.
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Figure 5.29. Heat output in June.
July




Figure 5.31. Heat output in August.
Figure 5.32. Heat output in September.
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Figure 5.34. Heat output in November.
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Figure 5.35. Heat output in December.
There is a general character related to short term fluctuation: During the summer relative 
variations in the need for heat are much bigger than in the cold period. That is easy to 
explain. In the summer, the base load is pretty low and a momentary domestic hot water 
consumption peak causes a huge increase in the need for heat, whereas in the winter the 
same peak does not have such an effect as the base load is higher.
Even a quick look at figures 5.24 - 5.35 shows that in January and February the back-up 
boiler is needed for most of the time. In March and December the usage of oil would be 
more moderate. In the summer time, it would seem that from the middle of May till the 
end of August it would be difficult to maintain the wood chip boiler in operation, even 
though in the latter part of July the consumption would seem to be a bit higher.
The crucial question when estimating the length of the pause in wood chip boiler's 
operation is how exact would the lowest sustainable output be. It can be seen that the 
required input goes below the lower limit (240 kW) frequently in the summer period, still
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it will not stay there for a long time until the need for heat increases again, mainly owing 
to DHW consumption peaks. If it is considered that the limit is exact and strict, this 
would mean that as the input goes below the limit, the boiler is switched off. As the 
ignition does not take place automatically, it would require the operator to do it 
manually. Obviously, the operator would become tired pretty soon if he tried to bring the 
boiler back into operation each time the input had gone below the limit, causing the 
boiler to have been switched off. Furthermore, figures 5.24 - 5.35 would not be available 
for the operator, so he would have to predict how the need for heat changes and what 
would be the reasonable point to switch the boiler on again, hi practice, this is something 
the operator learns during some of the first summer periods. In this calculation, it is 
convenient to consider a situation where the operator has already learned, from 
experience, what is the right moment to switch the boiler off and when should it be taken 
into operation again. Prevailing temperatures vary from year to year, but as we have the 
data on the test year, it can be considered as a typical one.
The utilisation degree and the amount of heat generated with the wood chip boiler are 
calculated firstly so that as the heat input declines rather permanently below the lower 
limit around May 21 st, it is taken that the wood chip boiler would be switched off then 
and the pause would continue till August 27th. The monthly division of heat generation 
between the wood chip boiler and the oil-fired back-up boiler can be seen in figure 5.36. 
According to it, only in April would it be possible to produce all the heat with the wood 
chip boiler. However, short peaks exceeding the capacity of the wood chip boiler would 
most probably be covered by the wood chip boiler alone; the supply water temperature 
would simply fall below its set value for a while.
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My Augusl September October November Dece
Figure 5.36. Division of heat generation between the wood chip boiler and
the back-up boiler.
Figure 5.37 compares the total heat production on monthly basis with the results from 
steady state model calculation. DM stands for dynamic model and SSM for steady state 
model. The figure brings out that the steady state model gives a somewhat bigger 
variation in heat consumption between winter and summer.
Table 5.2 tells the division of heat production and heat consumption on annual basis. As 
for the share of DHW, the value in table 5.2 is a percentage of total heat consumption, 
including heat loss. The division of heat consumption in all the buildings together is that 
87.7 % is used for heating and ventilation and 12.3 % is needed for domestic hot water 
consumption. These values can be compared with the estimation that was used in the 
steady state model calculation. It was then supposed that 20 % of all the heat buildings 
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Figure 5.37. Comparison of heat production calculations with different approaches. 
DM stands for dynamic model and SSM for steady state model.




















Table 5.2 tells the division of heat production and heat consumption on annual basis. As 
for the share of DHW, the value in table 5.2 is a percentage of total heat consumption, 
including heat loss. The division of heat consumption in all the buildings together is that 
87.7 % is used for heating and ventilation and 12.3 % is needed for domestic hot water 
consumption. These values can be compared with the estimation that was used in the
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steady state model calculation. It was then supposed that 20 % of all the heat buildings 
draw from the DH network is used for domestic hot water preparation.
Comparing results in table 5.2 with the results from the steady state model calculation 
would show that they are not far from one another. The previous calculation gave the 
wood chip boiler a share of 86 % (6028 MWh) of all the heat production (7006 MWh). 
The difference between the total productions stems from slightly different heat losses. 
The peak load would take place in February 15th between 7 and 8 in the morning, as the 
output required for DHW is 340 kW and for heat losses 194 kW. Total output at that 
moment would be 2407 kW. Comparing it with the peak load resulting from steady state 
model calculation would not bring out any major difference; with the steady state model, 
the peak load was 2406 + 135 = 2541 kW.
5.7.2. Heat production without a pause in the summer
The following calculation has been carried out so that there is no strict period when the 
wood chip boiler would be out of operation. Instead, there are some conditions that need 
to be fulfilled in order to keep the wood chip boiler in operation. If the heat demand 
remains for 4 hours below the lowest sustainable output level (240 kW) or the average 
output during above 4 hours is not more than 75 % of the said level (180 kW), the heat 
production of the wood chip boiler ends. There will have to be a period of 24 hours 
during which the average output is not less than 240 kW + 25 % = 300 kW and the 
lowest momentary output during the same period is not less than 240 kW - 25 % - 
180 kW. What is more, this period of 24 hours begins in the morning at 7, 8 or 9 o'clock. 
The explanation for using so many conditions is that the operator would obviously be 
capable of finding out what the weather conditions during the following 24 hours would 
be. He would also be able to predict when the DHW peaks take place. With this 
information, he would make the decision whether or not to put the boiler back into 
operation in the morning, if it were not already. If it seemed out that either the average 
output of following 24 hours would be close to the lower limit or there would be a period 
(for one hour or longer) when the output would be clearly below the lower limit, the
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operator would probably not light up the chips, because the flames would soon die, 
anyway.
This type of calculation would describe the operation of the boilers if the operator were 
rather hardworking. The results can be seen in figure 5.38 and table 5.3.
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Figure 5.38. Division of heat generation between the wood chip boiler and the 
back-up boiler; without a summer pause in the use of the wood chip boiler.
Table 5.3. Annual division of heat production; without a 











What figure 5.38 and table 5.3 bring out is probably the best that could be achieved with 
the wood chip boiler if the operator were eagerly searching for a high degree of 
utilisation and the lower limit of the output of the boiler were estimated the right way. 
Figure 5.36 and table 5.2 tell what might be realistic to expect.
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Obviously, there are two things that make comparing the results with these two models 
difficult, at least to a certain extent. The first thing is that the heat loss is slightly 
different: There is a difference of about 15 %, the significance of which is difficult to 
say. The other thing is that in the steady state model calculation, it was supposed that 
20 % of the heat buildings need is used for domestic hot water preparation, whereas the 
corresponding figure with the dynamic model was approximately 12 per cent. To find 
out, how these items affect the final results, the average return water temperature is 
elevated to 58.2 °C (from 43 °C) and the average temperature of the supply water is now 
only 2.5 % (initially 5 %) lower than its initial temperature at the boiler plant. These 
changes will increase the heat loss so that it is annually 1087 MWh (initially 943 MWh) 
which corresponds well with the figure used in steady state model calculation 
(1086 MWh). The total heat production is with both models 7006 MWh.
Figure 5.39 shows how the heat loss division changes due to the change. The lower 
graph shows the initial division and the upper one describes the new situation.
1 ' 18 31 a. 309 31 10 30 11 30 121 1. 31.1. 2.3 1 4. 2.5
Figure 5.39. Division of heat loss with two different total values.
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Figures 5.40 to 5.43 show how the monthly output changes from May to August. The 
upper graph illustrates the new output and the lower one shows the difference between 
the new output and the previous one.
Figure 5.40. Change in the output in May.
Figure 5.41. Change in the output in June.
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Figure 5.42. Change in the output in July.
August
Figure 5.43. Change in the output in August.
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It can be seen that the difference in the output is almost constant. It varies between 16.2 
and 16.6 kilowatts during the summer period. The peak output, on February 15th, would 
be 2425 kW of which 211 kW would be lost with heat losses. The corresponding figures 
with the previous calculation were 2407 kW and 194 kW.
In conclusion, it can be seen that increasing the heat loss from 943 kW to 1087 kW 
would not change the result significantly. The output declines frequently below the lower 
limit during the probable pause from May 21 st to August 27th, although in July there are 
several days when the boiler could be in operation.
If the new situation is calculated without a summer pause, the result is an estimation of 
what could be achieved. Again, if the heat demand remains for 4 hours below 240 kW or 
the average output during above 4 hours is not more than 180 kW, the heat production of 
the wood chip boiler ends, and there will have to be a period of 24 hours during which 
the average output is not less than 300 kW and the lowest momentary output during the 
same period is not less than 180 kW before the wood chip boiler starts again. Figure 5.44 
illustrates the division of heat generation on monthly basis.
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Figure 5.44. Division of heat generation between the wood chip boiler and the
back-up boiler; without a summer pause in the use of the wood chip boiler.
The total annual heat loss 1087 MWh.
Table 5.4 gives the figures.
Table 5.4. Annual division of heat production; without a
summer pause in the use of the wood chip boiler.











It can be seen that the biggest part of oil is consumed during the winter and even though 
the wood chip boiler could produce a bit more heat in the summer if the heat losses were 
higher, this would be compensated by increased consumption of oil during the winter.
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5.7.3 Re-evaluation of the boiler size
The size of the wood chip boiler has been, so far, the same as that used in steady state 
model calculations (1.2 MW). There were, however, other capacities that were 
considered, namely 0.7 MW, 0.9 MW and 1.5 MW. With all of them, it was thought that 
the minimum sustainable output is 20 % of the nominal. Let us start with the 0.7 MW 
wood chip boiler. Its lower limit would thus be 140 kW.
Figures 5.45 - 5.48 indicate that the boiler could be in operation through the summer. 
Most of the time the output is well above the lower limit and the periods it is not do not 
last long. These periods occur sometimes around midnight, when domestic hot water 
consumption has ceased, but the temperature is still rather high. Sometimes the minimum 
is reached in the afternoon between the DHW peaks. The scale in figures 5.45 - 5.48 is 
from zero to 500 kW, because the lower limit is interesting and it can be observed better 
this way. The same figures can be used with all the boiler capacities under survey.
500
May
Figure. 5.45. Heat output in May.
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Figure. 5.46. Heat output in June.
3 250
Figure. 5.47. Heat output in July.
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August
Figure. 5.48. Heat output in August. 
The monthly division of heat generation is shown in figure 5.49.
January February March April May June July August September October November December
Figure 5.49. Monthly division of heat production with a 700 kW wood chip boiler.
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The annual division is 69.9 % with chips and 30.1 % with oil. By using the 4 hours and 
24 hours limits for the operation, the division would be 68.6 % versus 31.4 %.
The next boiler capacity for calculation is 0.9 MW with a lower limit of 180 kW. By 
taking a look at figures 5.45 - 5.48, one can see that heat consumption in May would 
probably be taken care by the wood chip boiler, although at the end of the month the 
input goes frequently below the 180 kW limit, hi June it would be difficult to keep the 
wood chip boiler in operation, whereas in July it would seem to be possible. It could be 
possible in August, too although in the mid-August there is a period when the input is 
about half of the time below 180 kW. If the break of five weeks is considered to start at 
May 28th and continue till July 1 st, the monthly division would be as follows:
1200
400 - — ———
200 - — ——
January February March April May June July August September October November Decembei
Test year
Figure 5.50. Monthly division of heat production with a 900 kW wood chip boiler.
Summer pause of 5 weeks.
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The annual division is 79.3 % with chips and 20.7 % with oil. By using the 4 hours and 
24 hours limits for the operation, the annual division would be 79.9 % versus 20.1 %. 
The next boiler capacity for calculation is 1.5 MW with a lower limit of 300 kW. By 
taking a look at figures 5.45 - 5.48, one can see that the pause in heat production from 
wood chips would start in mid-May and continue till the end of August. In September the 
heat consumption is elevated rapidly above the 300 kW limit. The following monthly 
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Figure 5.51. Monthly division of heat production with a 1500 kW wood chip boiler.
Summer pause of 16 weeks.
The annual division is 86.8 % with chips and 13.2 % with oil. By using the 4 hours and 
24 hours limits for the operation, the annual division would be 89.3 % versus 10.7 %. 
The results of above calculations are discussed in Chapter 7.
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6. Short term calculations
6.1 Introduction
The previous dynamic model calculations have been carried out on annual basis. There 
are, however, many situations that should be studied more in detail and in shorter 
periods. Water temperatures in the network, the boiler's capability to handle rapid 
changes in the heat consumption and the co-operation between the wood chip boiler and 
the back-up boiler are considered to be the most significant items which, thus, deserve 
some further study. This is done with the model of the operation of the boiler plant and 
the district heating network.
Figure II in the Appendix shows the shape of the initial district heating network. Table 
IX in the Appendix tells details of the pipe dimensions and lengths between nodes.
Details of the simplified network that the application uses are presented in table 6.1. The 
shape of the network is the same as in figure 4.6. Node 0 is the boiler plant, then node 1 
follows after which are nodes 1.1 and 2. After node 2 comes node 3. Also node 2.2 is 
connected to node 2. From node 3 the network continues to the farthest nodes 3.1 and 4. 
Dpipe is the outer diameter of the pipe without insulation. In general, N stands for 'node' 
when it does not matter whether we talk about nodes in the supply or in the return pipe. 
If there is a difference, N will be replaced by either'S' (supply) or 'R' (return).












































Table 6.2 tells to which node the buildings belong to.
















4, 7, 5, 6, 8, 9 and 10
6.2. Dimensioning the heat exchangers
The first thing to be found out are the design values for heat exchangers at different 
points in the network. The question is to what extent does the temperature of the supply 
water decrease during its journey from the boiler plant to a sub-station. It is evident that 
sub-stations located near the boiler plant are able to receive hotter supply water than their 
counterparts located farther away. This will be studied by setting the outside temperature 
to the design value (-26 °C) so that all the heating systems at different points of the 
network will operate at their full output. The same goes for most of the ventilation 
systems, too. There are, though some buildings that are equipped with a ventilation rate 
regulation system which switches the ventilation from full rate to the lower one for the 
night-time, and as this first calculation tries to simulate the situation in the night, these 
buildings will take less heat for ventilation than would be the case in daytime. The 
ground temperature equals the ambient air temperature.
In this calculation, the consumption of DHW is ignored. The idea is to simulate the night 
time situation, when heat is consumed solely for heating and ventilation systems. The 
time step is 1.5 minutes, which leads to a simulation period of 6 hours. Supply water 
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Figure 6.1. Supply water temperatures at different nodes in the network.
Even though the temperatures are fluctuating and some of them are close to one another, 
sufficient information can be obtained from figure 6.1: The out flowing temperature (SO) 
is close to 115 °C just like is the temperatures in node SI. The next group is nodes S2, 
S3 and Sl.l. They receive their supply water between 112 and 114 °C. The lowest 
supply water temperatures can be found in the farthest nodes, S3.1 and S4 where it is 
around 109 °C. Figure 6.1 also shows that it takes almost two hours the water to flow 
from the boiler plant to the farthest nodes. Due to relatively long time step, the out 
flowing supply water temperature (SO) fluctuates somewhat. Naturally, this indigenous 
fluctuation can be seen through the water's passage to the customer and probably, to a 
certain extent, in its way back to the boiler plant, too. It takes some time, before the 
fluctuation starts at different points of the network. This is the time it takes the water to 
flow from the boiler plant to a particular node. Until that point, the temperature is based 
on what are supposed to be the initial temperatures in different points of the network. In
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this calculation, the initial values have been set based on a previous calculation with 2 
minutes time steps.
This calculation would suggest that design primary side supply water temperatures for 








Above design values are set for heat exchangers and they are used in this chapter from 
this point on.
The flow rate is not constant during the calculation period since as the supply water 
temperature at a sub-station changes, the control valves will compensate the change by 
re-adjusting the flow so that the required input is gained. This can be seen in figure 6.2.
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Figure 6.2. Flow rate during the calculation period.
In this calculation, there is no by-pass flow, but all the flow goes through heat
exchangers. Average flow velocities between 2 and 6 hours are as follows:
50-^Sl 0.58 m/s
51->S1.1 0.26 m/s
SI -> S2 0.41 m/s
S2-»S2.1 0.28 m/s
S2 -> S3 0.43 m/s
S3->S3.1 0.34 m/s
S3 -> S4 0.36 m/s
Return water temperatures during the calculation period can be seen in figure 6.3. When 
it comes to return water, it is not so clear, where the water comes from. That is why the 
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Figure 6.3. Return water temperatures.
As figure 6.3 brings out, the temperature range within return waters is distinctively 
narrower than with supply waters. It is less than two °C. The fluctuation in temperatures 
is also slighter due to mixing in the network. Heat exchangers obviously level the 
fluctuation down, too.
6.3. Heat loss
To have an idea of the heat losses at design temperature, it is better to shorten the time 
step, so that the calculation becomes more accurate. The calculation procedure is that 
after each time step the application checks whether or not water at a given initial 
temperature has reached the following node. With a long time step and relatively short 
distances, a considerable error may occur; in particular, if the flow velocities are high. 
For example, if the distance between two adjacent nodes is 250 m, the velocity of the 
flow is 1.0 m/s and the time step two minutes, after four minutes the water has flown 240 
metres, and the application notices that the water has not reached the node yet. After six 
minute's it definitely has, but it has actually travelled 360 metres by that time. The
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application is aware of the distance being 250 metres. It considers that it took 6 minutes 
for the travel. Calculating the average speed for the flow would result 0.7 m/s instead of 
1.0 m/s which is the actual value. So, the heat capacity flow would be only 70 % of the 
actual and, thus, the calculated temperature drop would be too big. This error can, 
naturally, be mitigated by using shorter time steps.
Since the previous calculation showed that the system started to be in a relatively steady 
condition at the end of the calculation period, initial values for the next calculation are 
transferred from the previous one. These initial values are temperatures at every supply 
and return node plus control valve positions and the output of the boiler. The next time 
step is 15 seconds.
The output of the wood chip boiler and the total input during the calculation period can 
be seen in figure 6.4. The desired value for the total input is 2137 kW. Excluding the 
hiccup at the beginning of the calculation period, the average output of the boiler plant is 
2308 kW and the average input 2139 kW respectively. That makes the average heat loss 
169 kW, which is well in accordance with the results from the calculation of the whole 
year. That application gave a heat loss of 193 kW as the outside temperature was -26 °C. 
The pipe work was, however, longer; the total length being 4.7 km whereas in this 
application it is only 3.8 km. The total overall hear transfer coefficient multiplied by the 
total length of the pipe work describes in a better way the difference between the pipe 
work in these two applications: In the former it is 1910 W/°C whereas in the latter it is 
1646 W/°C, so the first one is 16 % greater than the other one. The difference in 
calculated heat losses is 14 % respectively. This residual difference (2 %) is probably 
due to different ground temperatures: The application for the whole year considers that 
ground temperature equals the prevailing 24 hours mean outside temperature, whereas 
the application for short term simulation takes that the ground temperature is constant, in 
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Figure 6.4. The output of the boiler plant and the input to the buildings.
To make the temperature drop smaller in a given network and with a given outside 
temperature, would require higher flow rates. This could be achieved by increasing the 
by-pass flow rate. In the previous calculation, there was no by-pass flow at all. It can be 
seen that the flow velocities are quite moderate and the velocity, on average, could easily 
be doubled without problems related to too high pressure drop. However, by-pass is 
something that should be avoided, in general. Besides increasing heat loss, it causes 
additional pressure drop leading to higher pumping costs.
6.4. Re-dimensioning of the pipes
In the application, the by-pass flow at each sub-station is determined with a given 
pressure difference. Increasing it would in practice mean increasing the size of the by­ 
pass pipe or re-adjusting the regulating valve if such equipment exists. This kind of 
change would not, though, increase the flow very much in a situation where the need for 
heat, and the flow rate too, is high. The explanation for this is that high flow rates cause 
high pressure loss in the pipe work, so the available pressure difference at the end of the 
network is rather low and increasing the size of the by-pass pipe does not have any
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dramatic effect. When the need for heat decreases, leading to lower flow rates, a bigger 
share of the pump head is available for the sub-stations and, the by-pass pipes. This is the 
actual reason for installing by-pass pipes at least to certain points in the network: When 
the need for heat is close to zero, supply water would practically cease to flow in the pipe 
work. This would mean a lot of cooled water in the system, which would be a nasty 
surprise for the one who would like to take a shower in the morning. It might take hours 
until domestic hot water would be available at the end of the pipe work.
The other way to increase the flow rates is to reduce the pipe size. That leads to smaller 
heat loss and increased velocity in the pipe work. Of course, the price is increased 
pumping cost. To find out the significance of pipe sizing, all the pipe sizes in the 
network, except the first one from point 0 to node 1, were reduced by two dimensions, 
the first one by one dimension the way table 6.3 shows. Then the same calculation was 
carried out again. At first the time step was 30 seconds, because it was estimated that it 
would be enough for the flow to get from the boiler plant to the farthest node by that 
time. From that calculation, initial values for the next one, with a time step of 15 
seconds, were transferred. The results in supply water temperatures are illustrated in 
figure 6.5.





























































Figure 6.5. Supply water temperatures with the reduced pipe work.
The calculation step being only 15 seconds results in almost non-existent fluctuation in 
the temperatures. Compared with results from calculation with original pipe sizes and 15 
seconds time step in Chapter 6.2 the differences are:
Table 6.4. Comparison of supply water temperatures and flow velocities
















































6.4.1 DHW peaks with the reduced pipe work
Table 6.4 shows that changes in the supply temperatures are fairly moderate 
notwithstanding the pipe sizes have been reduced significantly. The average output is 
2282 kW and the average input 2139 kW respectively. That makes 143 kW for heat 
losses. Compared with the original size network, the peak heat loss came down by 15 % 
(from 169 kW to 143 kW).
As domestic hot water consumption creates momentary peak loads, it would be good to 
find out how the size-reduced pipe work would cope with these situations. With the 
application that calculates the heat consumption of the whole network through the year, 
it was calculated that the mean peak for DHW was 340 kW, between 7 and 8 o'clock in 
the morning. As this is just a mean value, one might suspect that there are peaks when 
the desired input for domestic hot water preparation is in the order of 500 kW. What is 
more, different buildings consume DHW at different times. For, example schools and 
offices that are unoccupied at 7 o'clock do not consume any DHW then. In the following 
calculation, it has been suspected that all the residential buildings consume DHW so that 
the total heat consumption for that purpose is 500 kW. This amount has been divided 
between the buildings so that each uses the same percentage of total DHW heat 
exchanger capacity. Flow rates per building are shown in the Appendix, table X.
Flow velocities, during the DHW peak are as follows:
SO->S1 0.99 m/s
SI -> Sl.l 0.71 m/s
51-»S2 1.18 m/s
52-»S2.1 0.82 m/s
S2 -» S3 0.79 m/s
S3-»S3.1 0.84 m/s
S3 -> S4 0.96 m/s
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Velocities are still at a clearly acceptable level. Water temperatures are not fully 
comparable with the previous calculation due to different time steps.
The calculation has been carried out with a 30 seconds time step which results in a 
calculation period of 2 hours. This is because it takes some time to reach the new water 
temperatures at different nodes with this new flow rate. As the situation starts, the input 
exceeds the output, because the return water temperature at sub-stations goes rapidly 
down whereas the boiler plant still receives water at a higher temperature. Naturally, as 
time goes on, this cooler return water reaches the boiler plant and the boilers, eventually, 
have to pay the loan back. In Finland, the design return water temperature from a DHW 
heat exchanger is typically 25 °C whereas from a heating or ventilation heat exchanger it 
is 45 °C.
The next calculation includes DHW consumption starting five minutes from the 
beginning of the calculation period and continuing for 30 minutes. Then DHW 
consumption abruptly ceases and heat is consumed solely for heating and ventilation plus 
heat losses. The total DHW input is still 500 kW and the calculation period is 2 hours 
that is the calculation step is 30 seconds. Figure 6.6 shows the behaviour of return water 
temperatures. The most interesting temperature is the one returning to the boiler plant. It 
is the thick black curve.
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Figure 6.6. Return water temperatures with the reduced pipe work.
As can be seen, it takes almost 1 hour after the DHW consumption has ceased (at 35 
minutes) until the temperature of the water that returns to the boiler plant has stopped 
fluctuating. The final temperatures are practically constant and at the same level they 
were at the beginning. Return flow from node R4 to node R3 experiences the largest 
temperature drop owing to the relatively biggest DHW consumption compared with heat 
input for heating and ventilation. This results from the fact that effectively all the 
buildings at node 4 are residential ones.
Figure 6.7 shows how abrupt the change in the total flow rate was. The decrease in the 
flow rate continued after the DHW had ceased. This is because the pump head at the 
boiler plant is constant and, consequently, when the total flow rate comes down, the 
available pressure difference at sub-stations increases, owing to lesser pressure drop in 
the pipe work. Increased available pressure difference leads to increased flow through 
heat exchangers and, of course, increased input. The control valves at sub-stations 
counteract this by closing gradually. Their movement is, though, retarded so that it takes 
some time before they reach their new positions. This retardation is necessary in the
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application to avoid increasing fluctuation. In real installations, the movement of the 
control valves are, however, quite often retarded as well, though probably not to the 
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Figure 6.7. The flow rate during the simulation period, with the reduced pipe work.
In this kind of situation, there are two things that immediately affect the need for output 
from the boiler plant; the flow rate and the return water temperature. As figure 6.6 brings 
out, the return water temperature drops drastically after some 12 minutes from the start. 
Figure 6.7, on the other hand, shows that the peaks continues for 30 minutes. It is, thus, 
no surprise that the boiler plant has very little time to adapt to the new situation. This is 
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Figure 6.8. The output of the boiler plant and the input to the buildings 
with the reduced pipe work.
In the output graph there are two U-shape mirror images; the first one from five to ten 
minutes and the next one upside down from 35 to 40 minutes. They come from the 
abrupt changes in the flow rate that cannot be instantly compensated by the control 
system. The smaller deviations after the aforementioned ones origin from the same 
reason.
It is only some 7 minutes from the point the DHW usage begins the boiler plant can 
benefit from the accumulative effect of the network. Then it needs to increase its output 
above the input level. After an hour or so from the end of the peak, both input and output 
are relatively steady. The output is fluctuating through the calculation because of 
relatively long time step (30 seconds) and relatively fast moving control valves. 
Fluctuation in the supply water temperature causes then fluctuation in the input, too.
Figure 6.8 goes well with figure 6.6 suggesting that as the return water temperature has 
levelled off, some kind of steady state condition has been reached. Until that point the
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boiler has to operate at a higher output even though the peak is over. It would seem that 
the accumulative effect of the pipe work could be taken into account when sizing the 
boilers: At the end of the calculation period, it can be seen that the difference between 
the output and input is something like 139 kW. This needs to be the heat loss. The mean 
input, during the latter half of the peak, is 2547 kW. The total need for heat would then 
logically be 2686 kW. The highest output was, though, 2624 kW just at the end of the 
peak. The mean output during the latter half of the peak was 2592 kW. A kind of 
conclusion could be that short peaks can be handled by the network, but the more the 
duration increases, the more capable must the boiler be to meet the need for heat. One 
thing that is significant, is that in which part of the network does the peak take place. The 
longer from the boiler plant the more time it takes until the cooled return water reaches 
the plant.
6.4.2. DHW peaks with the original pipe work
The accumulative effect of the pipe work probably increases if the pipe sizes are bigger. 
The next calculation is exactly the same as the previous one, but the pipe sizes have been 
changed back to the original ones again. Because, as table 6.3 shows, the flow velocities 
are less than half of the previous ones, the calculation period needs to be extended. The 
new time step is 35 seconds leading to a calculation period of 2 hours 20 minutes.
Figure 6.9 shows the return water temperatures with the original size network. The black 
and thick graph is, again, the water coming back to the boiler plant that is Rl - RO. It can 
be seen that it now takes about 2 hours and a quarter from the beginning of the peak, 
until the temperature of the water returning to the boiler plant has come back to the 
initial value again. It takes some 10 minutes from the beginning of the peak until 
temperature of this water goes abruptly down. With the previous calculation, the time 
was some 7 minutes. But the pipe between the boiler plant and node 1 was only changed 
by one dimension.
197
0:00 0:10 0:20 0:30 0:40 050 1:00 110 1:20 130 1:40 1:50 2:00 210 220
Figure 6.9. Return water temperatures with the original pipe work.
The accumulative effect of the network can be seen in figure 6.10. The output and input 
from the previous calculation can be seen, too. The thick line illustrates the situation with 
larger pipe sizes and the thin one with smaller ones, respectively. The boiler plant will be 
able to maintain the output below the input for some 5 minutes longer than with the 
smaller pipe work, from the beginning of the peak. There is a minor difference between 
the maximum outputs, 2608 versus 2624 kilowatts. The fluctuations of return water 
temperature continue about one hour longer with the larger pipe work.
In both previous calculations, the DHW consumption starts exactly at five minutes from 
the beginning of the calculation period. The boiler output increases then instantaneously 
from 2137 kW to a little over 2500 kW, due to the increased flow rate. So rapid changes 
are, of course, something that cannot be found in real installations. The idea at this point, 
though, is to study what the accumulative effect could be. With smoother changes in the 
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Figure 6.10. The output of the boiler plant and the input to the buildings with the original
pipe work.
6.5. By-pass
All the previous calculations illustrate the situation at outside temperature -26 °C which 
is the design temperature in this case. Another interesting situation is when the outside 
temperature is so high that the need for heat is close to the lower limit of the boiler. It has 
been estimated earlier that the lowest sustainable output of the wood chip boiler could be 
20 % of the maximum that is 240 kW. With the larger size (original) network, the flow 
velocities will be so low that for one thing the calculation period would have to be more 
than 8 hours, which would require a time step longer than 2 minutes, and for another 
thing, the heat loss would cause a temperature drop beyond the acceptable range. For 
these reasons, the by-pass flow has been introduced. The biggest by-pass is at the end of 
the network, i.e. at nodes 3.1 and 4. A bit smaller by-pass takes place at node 2.1 and an 
even smaller one at node 1.1. It has been thought that nodes situated along the mains do 
not require any by-pass of their own.
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The following calculation simulates a situation where the outside temperature (and the 
ground temperature as well) is 12 °C. The initial values for temperatures at different 
nodes and control valve positions plus boiler output have been found with a longer 
calculation period. The time step is now 30 seconds leading to a period of 2 hours. The 
essential data of the results are collected in table 8.5. Velocity is practically the same in 
supply and return pipes and mass flow rate is exactly the same in both pipes. That is why 
they are shown only once. In table 6.5, by-pass flow is the flow that passes by heat 
exchangers at a particular node, so even though by-pass makes 61 % of the total flow, it 
has not been detached from the total flow at nodes without a by-pass connection.






































































As table 6.5 shows, these by-pass flows give satisfactory results. The by-pass might, 
though be increased at node 3.1 because the supply water temperature goes a little below 
70 °C which is the design temperature for the DHW heat exchangers. On the other hand, 
by-pass at node 2.1 could be decreased somewhat respectively. The deviations can be 
considered negligible, nevertheless. The output of the boiler plant during the calculation 
period is 240 kW and the total input 159 kW respectively. That makes 81 kW for the 
heat loss.
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6.6. Summer time peaks
6.6.1. One peak with the original pipe work
If a DHW peak is made, one will find out the function of the pipe work in a summer 
situation. At this point, there is no doubt about the boiler plant being able to generate 
enough heat during the peak since the base load is very low. The interesting question 
relates to the accumulative and smoothing behaviour of the pipe work. The boiler is 
almost asleep and it needs to wake up very fast when consumers start to use domestic hot 
water. As was said before, the DHW peak could be something like 500 kilowatts. It is 
not in reality as abrupt with the start and the end as it was in previous calculations 
concerning winter time DHW peaks. In the following calculation, the DHW consumption 
starts at 5 minutes and continues an hour. The peak is in the middle of the consumption 
period. Figure 6.11 shows the change in the flow rate. The calculation period is 6 hours 
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Figure 6.11. Peak in the flow rate (with the original size pipe work).
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Figure 6.12 shows the input and output during the period. The average input for DHW is 














Figure 6.13. supply water temperatures (with the original size pipe work).
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Figure 6.14 shows return water temperatures.
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Figure 6.14. Return water temperatures (with the original size pipe work).
Figures 6.12 and 6.14 give probably the most interesting information. Figure 6.14 shows 
that the return water temperatures fluctuate quite a long time after the DHW 
consumption period. As a matter of fact, they still continue fluctuating after 6 hours' 
calculation period. It can be seen, for example that water returning to the boiler plant (Rl 
- RO) is still getting colder at 6 hours. That is why the output is going up at the end of the 
calculation period.
This could be the morning DHW consumption period. The next one would occur around 
noon. That is to say that fluctuations from the first period would not have levelled off 
before the next would begin. In plain words: The return water temperature would 
probably fluctuate the whole day and part of the night, as well.
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6.6.2. Two peaks with the original pipe work
The next calculation includes two DHW consumption periods, the first of which is 
identical with the one in the previous calculation. The second takes place 3 hours after 
the first one. The consumption rate is 75 % of the previous one. The average input for 
DHW is 208 kW during the first consumption period and 163 kW during the next one. 
Figure 6.15 shows the input and output.
Figure 6.15. Input and output (with the original size pipe work).
Figure 6.15 brings out that even though the peak input is some 80 kW higher at the first 
consumption period, the peak outputs are practically identical. That is due to the colder 
return water at the second DHW consumption period. The output seems also to be 
climbing higher at the end of the calculation period. It is easy to understand if one looks 
at figure 6.16 which shows the return water temperatures. Temperature of return water 




Figure 6.16. Return water temperatures (with the original size pipe work).
6.6.3. Two peaks with the reduced pipe work
The next calculation is almost identical with the previous one. The only exception is that 
pipe sizes have been reduced to the same that was used in winter time calculations. 
Figure 6.17 shows the input and output. Output with the larger pipe work can also be 
seen, in broken line. Figure 6.18 brings out the return water temperatures.




Figure 6.18. Return water temperatures (with the reduced pipe work).
Figure 6.18 shows that fluctuations due to the first consumption period are over about 
2.5 hours after it ends.
6.7. Dynamics of the wood chip boiler
6.7.1. Volume
The following calculations will focus more on the boiler plant. A typical difficult 
situation for a wood chip boiler is the morning when one large consumer or many 
consumers simultaneously start using hot water. Notably if the base load is low, will it be 
difficult for the boiler to respond for the rapid change in the need for heat, hi previous 
calculations the parameters for the boilers were set so that the out flowing supply water 
temperature did not drop practically at all when the DHW consumption started. In 
reality, it probably would do so and that is what will be studied next.
A summer time morning situation could be something like what is shown in figure 6.19. 
The steady low need for heat abruptly increases as some buildings start to consume
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domestic hot water. The consumption periods lasts for a while and then rather abruptly 
ends. This kind of consumption pictures do exist, as there are often buildings that use 
rather large amounts of hot water in a short period of time, for instance for cleaning. In 
large DH networks they do no harm, but in small ones they are sometimes troublesome. 
The consumption period has now been restricted to half an hour to be able to use shorter 
time steps (20 seconds) so that there is still enough calculation time after the 
consumption period to see if any fluctuation appears. The DHW consumption starts at 5 
minutes and ends at 35 minutes. The larger size (original) network is introduced. The 
outside temperature is 12 °C.
The calculation has been carried out so that the boiler water temperature has been kept 
practically constant; the total deviation is less than one degree. It has been calculated 
what would the boiler output have to be through the calculation period so that the boiler 
water temperature would not change. The boiler water volume has not, however, been 
kept constant. The calculation has been done with several boiler water volumes: 2000, 
4000, 8000 and 16000 litres. A typical volume for a boiler with an output around 1 MW 
is a bit more than 2000 litres. So, the larger volumes would in practice mean installing 
external vessels in connection with the boiler. An important thing to notice in the 
calculation is that it has been taken that the boiler water mixes with the return water 
fully. That is, there is no stratification of different temperatures. A 100 per cent mixing is 
probably the least efficient way to take advantage of an external buffer tank. The most 
efficient way would be the one with a 100 per cent stratification, where hot water would 
remain hot and colder return water would be separated from it completely, so that the 
whole hot water reserve could be utilised. The real installations are something between 
these two extreme examples. As the degree of stratification or mixing is difficult to 




Figure 6.19. Flow rate.
Figure 6.20 illustrates the input and boiler outputs with different boiler water volumes. It 
brings out that, the larger the volume the more time the boiler has to respond to the 
change in the need for heat. The maximum required output is, though, practically the 
same with all above boiler water volumes.
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Figure 6.20. Input and required output with different boiler water volumes.
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As the previous calculation showed what the effective output of the boiler should be to 
keep the boiler water temperature at its desired value (100 °C in this case) it did not 
actually match with real occasions. When a wood chip boiler operates at its lower output 
limit, it takes quite a lot time to increase the output significantly. On the other hand, 
when the boiler has been increasing its output for some time as fast as possible, it simply 
cannot change the direction and start going down with the same rate. The combustion 
chamber is full of burning chips and all the brick-linings, grate and other material are at 
high temperature which means that heat transfer goes on for some time. What is more, 
the control system is typically rather sluggish to avoid hunting.
6.7.2. Automatic controller
In the following calculation, it has been assumed that the minimum temporary output of 
the boiler is 50 kW and the maximum 1000 kW respectively. Furthermore, it has been 
assumed that at 50 kW the boiler is only capable of increasing its output by 1 kW per 
minute. On the other hand, when the output of the boiler is very close to 1000 kW, the 
corresponding acceleration is 50 kW/min. The intermediate values come linearly, so that 
at 225 kW, which is the initial output, the value is almost 10 kW/min. The boiler's 
capacity to decrease its output has been assumed to be constant, in this calculation 
20 kW/min. Exactly the same situation, with a DHW consumption period of 30 minutes, 
as in the previous calculation has been studied with four different proportional controller 
coefficients. The larger size (original) network is introduced. The results in boiler water 
temperature can be seen in figure 6.21.
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Figure 6.21. The significance of the P controller amplification coefficient.
Notwithstanding the dynamic behaviour of the boiler is purely estimated, some general 
interdependences can be found in figure 6.21. The thin broken line illustrates rather 
moderate amplification coefficient (3). It lets the boiler water drop down as the need for 
heat increases and it seems to be levelling off after the flow rate has settled down. There 
is, however, a considerable deviation between the desired value (100 °C) and the actual 
one. The integral operator has been set to work rather slowly in this calculation.
If the coefficient is 5, the temperature drop is less and the actual value comes closer to 
the desired value after the peak.
With a coefficient of 10 the deviation after the peak is around 0.5 °C.
When the amplification coefficient is 20, there is a distinctive overshoot after the 
undershoot. The temperature levels rapidly off, though. The next value for the 
amplification coefficient in this calculation was 40. It is a bit too large a value for the
210
system as there are several under- and overshoots before the temperature calms down. 
However, the system seems not to be unstable as the fluctuation is fading.
The greatest value, 80, is distinctively too large a value for the system as the over- and 
undershoots are getting bigger. The system is unstable.
In real installations, rather big fluctuations are not an exception. Even though the 
fluctuation may seem rather bad in the graph, it needs to be born in mind that the cycle is 
often rather long. Few people are able to notice this kind of fluctuation if they visit the 
boiler plant. In some cases the range may be more than 10 °C with a cycle of 15 minutes. 
Figure 8.22 is based on measurements at an existing boiler plant. It shows how the boiler 
water temperature was fluctuating in a 700 kW boiler as it was operating around its full 
capacity. During the later half of the measuring period, the range of the fluctuation was 
about 10 degrees and the cycle 20 to 25 minutes. The operator of the plant considered the 
fluctuation to be normal.
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Figure 6.22. Fluctuation in the boiler water temperature.
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6.8. Boiler co-operation
The co-operation between the wood chip boiler and the oil-fired back-up boiler has not 
been studied so far. When the outside temperature is close to the design temperature, it is 
evident that the back-up boiler operates continuously in addition to the wood chip boiler 
operating with full capacity. Variations in the need for heat are then taken care of by the 
back-up boiler, the wood chip boiler operates at a constant rate if the control system 
works as it should.
An interesting situation takes place when the base load is close to the upper limit of the 
wood chip boiler and a consumption peak occurs. Depending on the control arrangement, 
the back-up boiler will assist the wood chip boiler to a certain extent during the peak. 
The following calculation brings out the significance of certain temperature limits. The 
outset is that the outside temperature is -2 °C, the steady input to the network is about 
1070 kW and the maximum output of the boiler is 1200 kW. There will be a period of 
DHW consumption which starts at 5 minutes and continues till 45 minutes. It is 
otherwise similar to the DHW consumption period in previous calculations but it lasts for 
10 minutes longer. The mean input for DHW during the consumption period is 438 kW 
and the maximum 680 kW respectively. The boilers are connected in parallel. The time 
step is one minute leading to a calculation period of 4 hours.
In the first calculation, the temperature difference set point for starting to open the 2-way 
valve and letting part of the flow through the back-up boiler, is 15 °C. That is, the 
temperature of the out flowing supply water needs to be 15 °C below its desired value, 
before the back-up boiler starts taking part of the heat generation. The two-way valve 
that separates the back-up boiler from the network moves at moderate speed: It would 
take 20 minutes to move it from one extreme position to another. The next calculation is 
otherwise similar, but the temperature difference set value is 10 °C. There are also 
calculations with 5 and 3 °C set values and, finally, with a set value of 1 °C.
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Figure 6.23 shows the outputs from the boiler plant.
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Figure 6.23. Output from the boiler plant with different back-up boiler set values.
As figure 6.23 is difficult to read after the peak, figure 6.24 shows the same data in 
different scale from 1 hours to 4 hours. Input is not seen. The highest graph is the 15 °C, 
then follow 10, 5 and 3 °C. The lowest one is the 1 °C.
Figure 6.24. Output from the boiler plant with different back-up boiler set values. Scale
changed.
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The temperature of the out flowing supply water is the interesting thing. Figure 6.25 
brings out, how it behaves with different set values.
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Figure 6.25.Temperature of the supply water outflow from the boiler plant with different
back-up boiler set values.
Because figure 6.25 is difficult to read after the peak figure 6.26 shows the same data in 




Figure 6.26.Temperature of the supply water outflow from the boiler plant 
with different back-up boiler set values. Scale changed.
Figure 6.26 brings out that the supply water temperatures half an hour after the peak are 
practically identical. The wood chip boiler water temperature drop is the main cause of 
fluctuation in the out flowing supply water temperature. Figure 6.27 shows how the 
boiler water relates to different set values.
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Figure 6.27. Boiler water temperature with different back-up boiler set values.
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It can be seen that with a set value of 15 degrees temperature difference the wood chip 
boiler water temperature comes down by almost 40 degrees. Figure 6.28 illustrates the 
total outflow from the boiler plant during the whole calculation period and figure 6.29 
from 1 hour to 4 hours respectively.
Figure 6.28. Flow rate with different back-up boiler set values.
Figure 6.29. Flow rate with different back-up boiler set values. Scale changed.
216
The consumers should draw 1018 kW from the network after the DHW consumption 
period. The need is constant and control valves at sub-stations are trying to maintain it 
despite fluctuations in supply water temperature. Figure 6.30 shows how well they 
succeed. The period is from 1 hours to 4 hours.
Hours:Minutes
Figure 6.30. Consumer inputs with different back-up boiler set values.
It is clear that the temperature difference set value of 1 minute gives the most stable 
input of the consumers. With a set value of 15 °C the input is far from stable. Figure 6.31 
clarifies the reason for this.
The fluctuation in the outflow temperature moves in the network and disturbs consumers 
at different points of the network for a long time. Figure 6.31 also brings out that the out 
flowing supply water drops some 13 °C during the peak. It means that the valve 
separating the back-up boiler did not open at all as the set value was 15 °C. With a set 




Figure 6.31. Supply water temperatures in the network with a back-up boiler
set value of 15 °C.
218
7. Discussion
7.1. Annual consumption model
When comparing the heat losses between the steady state calculations and the dynamic 
model calculations, it is justifiable to notice that the starting points are not quite 
identical. In the steady state model, the temperatures were the typical average ones for a 
district heating system in Finland; supply 85 °C, return 55 °C and the ground 5 °C. In 
these systems, heat is quite often generated in large boilers as a by-product of electricity 
generation and temperatures are high. There is no problem in delivering supply water at a 
high temperature, but still in water phase. When it comes to smaller boiler plants, 
pressure limits are a lot lower, control of combustion is not as sophisticated and 
fluctuations in the need for heat in the DH network are more abrupt. All this leads to 
lower boiler water temperature set values which, in turn, leads to lower supply water 
temperatures, because the operators avoid using the back-up boilers if the wood chip 
boiler is able to generate enough heat to meet the consumption, even though the supply 
water temperature might not reach its set point. Just to compare the calculation procedure 
with the data from steady state calculations, the temperature of the supply water was 
elevated so that the annual average was 85 °C and return water was set to 55 °C. The 
ground temperature was not tampered with, its annual average was 4.3 °C. With these 
changes, the annual heat loss was 1099 MWh which is 1 per cent higher than the value 
from steady state calculation (1086 MWh). This negligible deviation results at least 
partly from the 0.7 °C difference in the ground temperature.
The other thing that is confused when comparing the results with the steady state model 
and the dynamic one was that the proportion of domestic hot water was 20 % in the 
steady state model calculation, whereas in the latter case it turned out to be 12.3 % of the 
total heat all buildings consume. To find out the significance of this deviation, it is 
necessary to return to the steady state model calculation. If the proportion of DHW is set 
to 12.3 %, it will result in an annual consumption of 728.6 MWh. This is well in 
accordance with 725.3 MWh which is the share of DHW in the dynamic model. The 
calculation can be seen in the Appendix, table VI, which brings out that the constant
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output for DHW would be 83 kW and the peak 2594 + 83 = 2677 kW respectively. This 
differs clearly from the peak that resulted from the dynamic model calculation (2407 kW 
or 2425 kW depending on heat loss) and the initial steady state model calculation 
(2541 kW). The new calculation with the steady state model would suggest that the 
annual heat generation of the wood chip boiler is 5926 MWh that is 84.6 % of the total 
production. These values result from the lower limit of the boiler being between 18 and 
22 per cent of the maximum capacity (1200 kW). The initial calculation with the steady 
state model rated the wood chip boiler 6028 MWh, that is 86 % of the total.
The idea of the study was to compare the results from different sizing methods. This can 
be carried out most conveniently by tabulating the data. In table 7.1, SSM stands for 
steady state model and DM for dynamic model. With the dynamic model, one can 
determine the annual heat generation in two ways; what is possible and what is probable. 
With the steady state model, on the other hand, only one result is available.
Figure 7.1 shows the same data in graphic form. On the horizontal axis is the capacity of 
the wood chip boiler and vertically is its percentage of the total annual heat production. 
To make the graphs more continuous, intermediate values with 100 kW steps were 
calculated, and the maximum capacity was elevated from 1.5 MW to 2.0 MW. Steady 
state model calculations have been carried out with two different DHW shares: 12 % and 
20 %. The dynamic model calculation has been carried out solely with the 4 h and 24 
limits, as estimating the length of summer pause has been considered to be too 
approximate.
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Capacity of the wood chip boiler, kW
Figure 1. 1. Wood chip boiler's share of total heat generation with different calculation 
methods. Minimum output of the wood chip boiler 20 % of the nominal output.
The absolute capacity applied.
The picture illustrates the tendency better than pure figures: With a low capacity, the 
dynamic calculation gives a bigger share for the wood chip boiler. The slope of the 
dynamic model graph changes rather rapidly so that above 1200 kW it is almost 
horizontal. Above 1400 kW both steady state model calculations give a bigger share for 
the wood chip boiler than the dynamic model.
To find out the significance of the lowest sustainable output limit, the same calculations 
have been carried out so that the lower limit has been 15 % of the maximum output. The 
results can be seen in figure 7.2.
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Figure 7.2. Wood chip boiler's share of total heat generation with different calculation 
methods. Minimum output of the wood chip boiler 15 % of the nominal output.
The absolute capacity applied.
The dynamic model graph is not quite as flat now as it was when the lower level was 
20 %. Nevertheless, the pattern is the same; with low capacities the dynamic model gives 
a higher share for the wood chip boiler than either of the steady state model calculations. 
With high capacities it is vice versa.
Figures 7.1 and 7.2 show the boiler capacity in kilowatts in the horizontal axis. If the 
relative capacity is substituted for the absolute one, the pattern becomes different. The 
relative capacity is the capacity of the wood chip boiler in proportion to peak load. It has 
been shown that different calculation methods give different values for the peak load: 
For the steady state model calculation DHW 12 % it was 2677 kW, with 20 % DHW it 
was 2541 kW and the dynamic model resulted in a peak load of 2407 kW. Figure 7.3 
illustrates the situation with a lower limit of 20 % of the maximum output. Figure 7.4 is 
the same graph with a lower level of 15 % of the maximum.
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Minimum output 20 % of the capacity
100%
35% 45% 55% 65% 
Capacity to peak load ratio. %
Figure 7.3. Wood chip boiler's share of total heat generation with different
calculation methods. Minimum output of the wood chip boiler 20 %
of the nominal output. The relative capacity applied.






35% 45% 55% 65%
Capacity to peak load ratio. %
Figure 7.4. Wood chip boiler's share of total heat generation with different
calculation methods. Minimum output of the wood chip boiler 15 %
of the nominal output. The relative capacity applied.
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It can be seen that in both relative capacity figures all the graphs are virtually identical. 
This would give the impression that these sizing methods give similar results. 
Nonetheless, the steady state model suggested that the peak load is distinctively higher 
than was the result from dynamic model calculation. With the same share for domestic 
hot water (12 %) the former gave a peak load of 2677 kW which is 11.2 % higher than 
the value from dynamic model calculation (2407 kW). With the selected wood chip 
boiler capacity (1200 kW) the steady state model gave an annual share for wood chips of 
84.6 % whereas the dynamic model resulted in 87.9 % even though with a reasonable 
summer pause the result was 84 %. Figure 7.1 shows that the sizing would be more or 
less optimal if the lower limit were 20 % of the maximum output.
hi the initial steady state model calculations the DHW share was 20 %. Compared with 
dynamic model calculations, the results are closer to one another as the DHW share is 
20 % than with 12 %. This is the case with both the peak load and the annual share for 
wood chips. The peak load was 2541 kW which is 5.6 % higher than the corresponding 
figure from dynamic model calculation. With 12 % DHW share the difference was twice 
that much.
The essential question in previous calculations is what would the division of heat 
generation between the wood chip boiler and the back-up boiler be. Of course, this is not 
the final result, because the main question is: Does it make economic sense to purchase a 
wood chip boiler? The steady state model calculation suggested that 22.1 €/MWh would 
be the marginal price for produced heat, i.e. that much could be paid for the one who 
would supply the chips and run the boiler plant. With the dynamic model, considering 
that there would be a pause in the heat generation, the marginal price would be 
22.0 €/MWh. If there were not any longer pause in the summer, the price would be 
23.3 €/MWh. The boiler sizes and the capital cost plus all the unit prices are the same 
that were introduced in connection with the steady state model calculation. The 
calculation can be seen in the Appendix, tables VII and VIII.
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7.2. Short term simulation model
The main purpose for carrying out calculations with the short term simulation model in 
Chapter 6 was to show that the model works logically right. There are no measured data 
nor results from other models available to compare the results with. The direction of the 
change is, though, easy to predict in most cases. For example, the increase in the need for 
heat surely increases the primary flow which, in turn, surely decreases the boiler water 
temperature if the boiler output does not go up along with the increase in the flow rate. In 
this respect, no contradictions between the calculated results and deduction came out. 
Another thing is the magnitude of the changes; without comparison material one can 
only rely on his experience. In a very simple scale, the results seemed more like credible 
than unbelievable; and even though there is uncertainty, it still makes sense to go the 
results through.
The first simulation related to the dimensioning of the heat exchangers. It is clear that the 
last building in the network gets the supply water at a lower temperature than the one 
that is located close to the boiler plant. With the original size pipe work without any by­ 
pass flow the biggest temperature drop was about 7 °C in a cold winter night. The length 
of the supply pipe between the building and the boiler plant was a bit more than 2 
kilometres. Flow velocities in the pipe work varied between 0.26 and 0.58 m/s. 
Temperatures of return waters from different sub-stations were rather uniform; the 
variation was less than 2 °C. The simulation emulated a night-time situation when there 
is no DHW consumption and all the space heating equipment work with their full output.
The heat loss from the network to ambient ground and further to air was calculated with 
the model. The most appropriate situation for this purpose is the same cold winter night 
as was used in the previous simulation. The results could be compared with results from 
the annual consumption model. It turned out that there was a difference of about 2 % in 
the results, and a reasonable explanation for even that rather small deviation could be 
found. On the other hand, the results from the annual consumption model were well in 
accordance with data given by the pipe manufacturer. In a network with a total length of
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about 4 kilometres, the maximum heat loss seemed to be around 170 kilowatts, as the 
total output was 2.3 megawatts. That makes a heat loss of 7 % of the production.
The pipe sizes in the network were chosen without dynamic simulation when the steady 
state application was carried out. However, during the dynamic simulation it turned out 
that flow velocities are rather low and the pipes might as well be somewhat smaller. 
Table 6.4 shows the comparison of supply water temperatures and flow velocities at 
different nodes in the network in a cold winter night. It came out that the velocities on 
average more than doubled but the effect on the heat loss was rather small. The coldest 
supply water temperature (about 2 kilometres from the boiler plant) was only one °C 
higher than it was with the original size pipe work. The heat loss came down to 6 % of 
the production. In this respect, it would seem that it is not necessary to reduce the pipe 
sizes to the minimum just to avoid heat losses.
Domestic hot water peaks were simulated to see how the smaller pipe work could cope 
with the maximum load situation with full space heating load plus a DHW peak. It 
turned out, that flow velocities would not cause problems, because the DHW peak (about 
500 kW) is relatively small compared with space heating and heat losses (about 
2300 kW). The simulation brought out also that the fluctuation in return water 
temperatures may go on a long time after the peak is over. The magnitude of the 
fluctuation depends strongly on, is it just one consumer that starts using large amounts of 
hot water or are there many of them, and the duration depends on how far from the boiler 
plant the consumers are. The explanation for the dependence on the amount of 
consumers is that if one consumer takes large amounts of hot water, the primary return 
water temperature at that point goes extremely low. In the case of several consumers 
dividing up the same consumption of hot water, the return temperatures stay higher as 
there is more heat exchange surface available.
It also came out during the DHW peak simulations that in particular the smaller pipe 
work was rather poor when it came to the accumulative effect of the network. It took 
only some 7 minutes after the beginning of the peak, until the return water temperature at
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the boiler plant came distinctly down. With the original size pipe work the time was 
about 10 minutes, with the same DHW peak. One reason for so fast a feedback is that 
there were rather large consumers connected to the first node in the network. The 
distance between the said node and the boiler plant was only 365 metres. Due to the cold 
winter situation, the flow rates were also at the maximum, which means that in warmer 
times of the year the accumulative capacity of the pipe work would be better. This was 
shown with the subsequent simulation which showed that on a summer day it took 
almost half an hour until the return water temperature started to go down with the 
original size network and some 25 minutes with the smaller network. With two DHW 
peaks the return water temperatures seemed to fluctuate several hours in a summer 
situation. This is something that should be considered when setting parameters for 
control valves at the boiler plant and consumer sub-stations.
The summer time simulations brought out that it would be necessary to have some by­ 
pass flow at certain points of the network in the summer. Otherwise the flow rates would 
be so low that the temperature drop at the end of the network would be beyond an 
acceptable level. In the outside temperature of 12 °C, a suitable by-pass flow seemed to 
be in the region of 40 to 80 per cent of the total flow. That would guarantee the supply 
water to be warm enough for domestic hot water preparation.
All the above discussed summer time calculations relate to the stability of the output. 
The conclusion could be that domestic hot water consumption, despite being momentary, 
keeps the output higher for some hours after the consumption has ceased. This could help 
in keeping the wood chip boiler in operation during the daytime in spite of higher outside 
temperatures. During the night, the domestic hot water consumption being non-existent, 
the colder outside temperature could create enough load for the wood chip boiler.
The dynamics of the boiler plant was studied in several simulations. The effect of boiler 
water volume, parameters of the automatic controller and parameters of the back-up 
boiler were under inspection. These simulations are very case-dependent and it is
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difficult to generalise the results. They were carried out mainly to show how the model 
works. There are, though, some interesting points worth mentioning. One of them is that 
the effect of boiler water volume on the required combustion output during and after a 
DHW peak seemed to be smaller than one could have expected. Nevertheless, this would 
require further investigation since the dynamics of the combustion system are not known 
well enough at this point. Another interesting point resulting from the simulations is that 
the by-pass boiler parameters should be designed carefully. With proper set values the 
temperature of the out flowing supply water fluctuated a lot less than with poorly 
selected values, and if the out flowing temperature fluctuates, it causes more fluctuation 
in the network as control valves at consumer sub-stations try to counteract the change in 
the supply water temperature by altering the flow rate.
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8. Conclusions and further research needs
8.1. Steady state model
The steady state model introduced in this study or some of its many variations is the 
most often used tool for carrying out feasibility studies on wood chip boilers. When it 
comes to the very smallest units, rules of thumb are preferred to calculation, but as the 
capital cost gets bigger, people begin to want more and more facts to support their 
decisions.
In the steady state model, prevailing temperature data is relied on. Other weather related 
factors such as wind and solar radiation are simply ignored. These kinds of energy 
consumption calculations have been carried out for such a long time that they just cannot 
be completely false. Years differ from one another but on the average, the steady state 
model gives satisfactory results. That is known from experience.
What is said above, relates to using the steady state model for calculating the monthly 
division of the known annual heat consumption or the amount of heat that could be 
produced by the wood chip boiler on an annual basis. It is known that the consumption of 
domestic hot water does not fit in the calculation procedure very well. But it has been 
thought that as some simplifications are anyhow made by ignoring the effect of the wind 
for example, one can as well consider that DHW consumption is of minor importance 
compared to outside temperature and let the latter dominate the calculation.
hi the case studied with the two models, it came out that the steady state model gave 
smaller percentages of annual heat production for the wood chip boiler if its capacity was 
less than approximately half of the peak, compared with the dynamic model. As the 
capacity of the wood chip boiler was more than approximately half of the peak, the 
steady state model started to give bigger percentages for the wood chip boiler than the 
dynamic model. The turning point seemed to relate to the minimum sustainable output of 
the wood chip boiler so that as the minimum output came down the turning point went
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up. Since only one case was studied, it is difficult to generalise more than that. However, 
the difference seemed to be in the order of a few percentage units, notably if the share of 
DHW consumption of the total consumption was somewhat over-estimated.
One thing that may cause deviation is the accuracy of the prevailing temperature data: In 
this case the temperature durations were with 1 degree intervals; whereas sometimes the 
step is 2 degrees. That would make the graph illustrating the wood chip boiler's share of 
annual heat production against boiler capacity rather uneven. Anyway, since the 
minimum sustainable output of the wood chip boiler is very seldom known exactly, one 
should calculate with different values that are obviously in the right region instead of 
using a fixed value. It may happen that changing the minimum output value by one 
percentage unit results in a change in the wood chip boiler's annual share by several 
percentage units.
When it comes to finding out the peak that is dimensioning the boiler plant, the steady 
state model is not on a very steady ground because for one thing, the DHW peaks are 
handled rather poorly and, for another thing, the accumulative effect of the network is 
ignored. One might think that the steady state model would give smaller peak loads 
compared with the dynamic model as the true DHW peaks are definitely bigger than the 
average that is used in the steady state model. In the case studied, the difference between 
the peak loads was rather small, though. And it came out that the steady state model gave 
bigger peaks than the dynamic one. The difference was in the region of 5 to 10 per cent 
so that with an over-estimated DHW consumption in the steady state model calculation, 
the results were closer to each other.
8.2. Annual consumption model
The dynamic model introduced in this study relies on the same prevailing outside 
temperature data as the steady state model. That is the effect of wind is ignored in this 
model. Solar radiation, on the other hand, has been included in the model just like all the 
other predictable heat gains. The main difference between the two models is that the
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dynamic one takes into consideration the daily, weekly and yearly rhythm of the 
occupants and the sun.
The obvious weak point of the model is that items that need to be fed in the application 
are probably never known exactly, and they may not always be constants like the 
application considers. However, compared with the steady state model that ignores the 
heat gains completely, the dynamic model presented is surely a step in the right 
direction. If one is unsure about the heat gains, it is always possible to feed in rather 
moderate values so that the weighting of the heat gains becomes lesser.
Another weak point is that using the model is rather laborious. It takes quite a lot time to 
walk around all the buildings and write down all the necessary details. It is not effortless 
either to calculate for each building separately what the peak needs to be so that it results 
in desired annual heat consumption and what the DHW consumption rates at different 
buildings through the day and night have to be so that the total consumption equals with 
the desired. However, the model is not meant to be a tool for everyday analyses. The 
original idea was to create one, but it turned out that it needs to be a model that can be 
used for evaluating the accuracy of some less complex model which, in turn, can be used 
as an everyday tool. After the comparison of the results, it seems that the steady state 
model is a useful tool for the field.
There were actually two things in the steady state model that raised doubts in the first 
place and gave a reason to create another model: The cumulative handling of outside 
temperatures which does not take into account when the temperatures occur. Another 
thing was that the timing of DHW consumption is ignored in the steady state model. 
There would have to be more case studies before one could say for sure how it is, but this 
study suggests that the deviation between the results of the models is rather small. It also 
needs to be born in mind that accurate calculations will never be available: There are 
always aspects that cannot be predicted exactly, such as weather conditions, the
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behaviour of the heat consumers and the industriousness of the operator of the boiler 
plant.
There is still something that needs to be considered if the usage of the wood chip boiler 
in the summer is the aim. For one thing, if the boiler operates at a very low output, its 
efficiency is probably rather low, which should be taken into account in the viability 
calculations. For another thing, emissions in the flue gas tend to be many times higher 
when the output is low compared with nominal or even moderate output [23]. Additional 
problems relate to soot build-up, difficulties with the multi-cyclone type fuel gas 
precipitator (as the flow rate goes below its range) and back-fire problems. All this is to 
say that it does not eventually make either financial or technical sense to try to keep the 
wood chip boiler in operation when the need for heat declines frequently rather low.
8.3. Short term simulation model
The model for short term simulation of the heating system, the network and to a certain 
extent, the consumers of heat is by far the most complex application introduced in this 
study. The creation of it has taken several years. It has many features that have not been 
taken advantage of in this study, due to requirements to keep the thesis in a reasonable 
size. The idea, though, was to introduce the application and carry out calculations that 
relate closely to the rest of the study. Extensive simulation series would be another story.
The model is at its most useful if the setup is not a typical one. If there are just buildings 
that draw heat from the network at almost constant rate, there is no idea to study the 
dynamics of the system. In a case in which some large consumer rapidly changes its heat 
consumption, it would be interesting to find out in advance how these fluctuations are 
going to affect other consumers and the boiler plant. The results of the simulation could 
be taken advantage of when designing the plant and the network. There are several 
factors to be experimented with: Pipe sizes, boiler water volume and temperature, control 
valve authorities and types, set values for the back-up boiler, set value for the DH pump 
pressure difference etc.
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The calculations carried out in this study gave an idea of the dynamics of the network. 
How long it takes, before a temperature pulse in the network reaches the farthest 
consumers? What is the order of magnitude of the cooling in the network? Should it be 
considered when dimensioning the heat exchangers? The relevance of sizing the network 
the right way: It seems not to be a simple question as over-sizing clearly gives the boiler 
plant more time to generate the heat that has been consumed during the peak. The 
drawback is increased capital cost. Larger pipe sizes also require more by-pass flow 
during summer. The heat loss, though, does not seem to change significantly along with 
different pipe sizes.
This study gives some general outlines about the dynamics of the system. Probably the 
most useful is the comprehension that a peak in the network causes immediately a certain 
load in the boiler plant, and another load takes place when the cooled water returns from 
the consumer to the boiler plant. If the consumer is located close to the boiler plant and 
the peak lasts for a while, these two loads may overlap. By proper sizing of crucial 
pipelines, the designer may impede the overlapping and, thus, size the boiler somewhat 
smaller. The potential for taking advantage of the accumulative effect of the network 
depends on the nature of the heat consumption; return water from a DHW heat 
exchanger comes in a different (usually lower) temperature compared with return water 
from a heating or ventilation heat exchanger.
8.4 Overall conclusions
The purpose of the study was to introduce the models and to compare their results with 
the same case study. As a conclusion, it could be said that the steady state model seems 
to give satisfactory results, notably if the DHW consumption is estimated to be 
somewhat more than it probably is. It needs, however, to be born in mind that the 
deviation in the calculated wood chip boiler's annual heat production may be several 
percentage units. That should be considered by carrying out a sensitivity analysis on the 
question.
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Four models were introduced: A steady state model for the annual calculation of heat 
consumption, a dynamic model for annual heat consumption calculation in a single 
building, a dynamic model that enables connecting the consumptions of several buildings 
and makes them a district heating system to be studied on annual basis and, finally, a 
short term simulation model that makes it possible to study interactions in the district 
heating system including the boiler plant, the distribution network and the consumer sub­ 
stations. Due to the limited amount of simulations and the lack of measured data or some 
other comparison material, it is not possible to give any clear design instructions based 
on this study. Nevertheless, the study brought out several interesting interactions in the 
district heating system, which, on the one hand, are good to realise when designing a DH 
system and, on the other hand, give a reason for further research.
8.5. Recommendations for further research
Validating the annual consumption model with an existing case would be necessary to 
find the correct parameters for different types of buildings. It would also give an idea of 
the accuracy that can be achieved with the model. Verification would, however, require 
extensive measurements through the whole year (or several years). These measurements 
would not necessarily be difficult to carry out as one probably could estimate which 
factors are worth measuring and which are not that significant. Nevertheless, it would 
require quite a lot measuring equipment, since at least heat and electricity consumption 
would have to be measured in all the buildings under survey. Alternately, or in addition 
to validating the model, it would be useful to carry out a few case studies more with the 
steady state model and the dynamic one so that one could get more diversified results.
When it comes to the short term simulation model, measurements would be needed to 
find out how rapidly the boiler can increase or decrease its output from different starting 
points. Of course, measurements would be needed from several boilers of different types 
and sizes and probably even different fuels, too. At least moisture content apparently 
affects the 'acceleration' of the boiler. In general, a lot of measured data covering the 
dynamics of different wood chip boilers would be useful. These data should include 
several variables such as boiler water temperatures, combustion air flow rates, flue gas
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temperatures, return water temperatures and the positions of the control valves at the 
boiler plant. Moreover, concentration of some harmful pollutants in the flue gas should 
be measured. Validating this model, too, with a real case, would be necessary. The main 
problems relating to validating are that flow rates and temperatures should be measured 
in many places at the same moment and that the position of the control valves should be 
measured too. Temperature measurements are not a problem, but flow rates are another 
thing. Logging the position of control valves has also proved not to be very easy. It is 
obvious that verification of the whole model would be practically impossible to be 
carried out, but a realistic approach could be to validate some parts, kind of sub-systems, 
of the model at a time.
The short-term simulation model could be developed further, so that pumps and fans 
would be included in order to simulate the electric power intake in different situations. 
That would be basically easy as the need for combustion air can be readily calculated if 
the boiler output, moisture content of the fuel and the excess air factor are known. The 
flue gas flow is not a problem either. Instead, a problem might be that the excess air 
factor is not constant but it relates to the output. Thus, at least data from measurements 
would be required to model the interdependence between these two factors. The same 
goes for the ratio between primary and secondary air: Even if the total combustion air 
requirement is known, the division might not be.
It would also be interesting to carry out several simulation calculations, concerning the 
dynamics of the system, with different DH networks and boiler connections so that one 
could get either simple equations or some rules of thumb for the design process of a 
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Heating, Ventilation and Air-Conditioning
Node
Number of Transfer Units





















Heat transfer area 
Altitude (of the sun) 
Heat capacity rate 
Ratio of heat capacity rates 
Flow coefficient 
Specific heat capacity 



















LO - Longitude [°]
it = Mass flow [kg/s]
n = Day number [-]
pr = Authority (of a valve) [%]
q = Heat transfer rate, Need for heat [kW]
R = Adjustability (of a valve) [-]
RE = Thermal resistance of the insulated pipe per metre of pipe
RM - Thermal resistance of the ground per metre of pipe
[(m K)/W]
T = Temperature [°C] 
t = Time [s, min, h] 
U = Heat transfer coefficient [W/(m2 K)j 
U' = Heat transfer coefficient of a pipeline per metre of pipe
[W/(mK)] 
V = Volume, diurnal water usage [dm3, dm3/day]
V = Volume flow [dm3/s]
X = Valve lift [%]
Z = Azimuth (of the sun) [°]
Greek letters:
A = Difference, Change [-]
e = Effectiveness [%]
























































































































































































































































































































































































































































































































































In table I, the outside temperature goes with 1 degree steps so that the value in the 
middle of the range is shown, e.g. 20.5 stands for temperatures between 20 and 21.
Table II. Calculation of the marginal price of produced heat. Minus sign indicates












(1236050 €, 20 a, 3 % interest rate)
Heat for own buildings (municipality)
Heat for sale (other customers)
Fuel oil price
Heat produced from wood chips
Heat produced from oil
Price of sold heat (other customers)
Saving in heating of own buildings because 
no oil is needed (municipality) 
3019MWh/0.85 x 0.406/1 x 100 1/MWh
Income from selling of heat to other 
customers 
2901 MWh x 42.4 €/MWh
Annual cost for using oil as back-up fuel 
978 MWh/0.8 x 0.406/1 x 100 l/MWh x (-1)
Annual cost of produced heat (municipality
Marginal price for produced heat




















































































































































































































































































































































































In table III, the names of the buildings are not shown but the numbers match with table 
5.1. Consumption shows how many kilowatt-hours per cubic metre the building is 
supposed to consume electric power per year. Daytime consumption coefficient tells the 
estimated relation between daytime and night time consumption. Daytime hours and 
night-time hours relate to the duration of above periods. Lighting share is estimation of 
which part of the total electricity consumption is used for internal lighting. The next 
column tells the same in kilowatt-hours per year. The last column shows how much 
electricity is used for other purposes than lighting, on annual basis.
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In table IV, People night time gives the number of people occupying a building in the 
night period. Daytime period weekdays tells the hours when people are supposed to leave 
and enter a residential building or enter and leave a non-residential building that is it 
defines the daytime period on weekdays. Occupants daytime weekdays tells the number 
of occupants in a building in above period. Daytime period weekends tells the hours 
when people are supposed to leave and enter a residential building or enter and leave a 
non-residential building that is it defines the daytime period on weekends. In most cases 
it is 24 hours, because it is difficult to say how people act on weekends. Occupants 
daytime weekends tells the number of occupants in a building in above period. In most 
cases it is the average of day and night occupation on weekdays. Lights on weekdays tells 
the hours when internal lights are supposed to be on, provided that people are present 
and the sun is below the horizon. Lights on weekends gives the same hours for weekends, 
respectively.
Building number 16 has been left out of calculations. There is no 'daytime' nor 'lights 





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Heat for own buildings
Heat for sale
Fuel oil price
Heat produced from chips
Heat produced from oil
Price of sold heat
Saving in heating of own buildings
Income from selling of heat
Annual oil cost
Annual cost of produced heat
Marginal price for produced heat
Expenses, total






































































Heat for own buildings
Heat for sale
Fuel oil price
Heat produced from chips
Heat produced from oil
Price of sold heat
Saving in heating of own buildings
Income from selling of heat
Annual oil cost
Annual cost of produced heat
Marginal price for produced heat
Expenses, total





















































































































































































































































Nl (= node 1) is the boiler plant. B refers to the relevant building number.
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Buildings 33 and 45
Buildings 40 and 44
Building 1 TH
Building 1 USS
Buildings 2 and 3
Building 1 1




Buildings 4 and 7
Buildings 5 and 6





















Figure I. Lay-out of the district heating network.
Figure II. The District heating network
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